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CHAPTER I. THE INVERSE RAÎ'IM EFFECT 
Inverse Raman spectroscopy is one of a growing number 
of non-linear spectroscopic techniques which owe their 
feasibility to the laser. In general, we may define non­
linear in this context as interactions between a photon 
field(s) and a material medium which occur as a direct 
consequence of the non-linear terms in the electric suscep­
tibility expansion. The above definition is not a rigid 
one. Conventional Raman scattering, for example, is not 
generally considered a non-linear technique since only a 
single photon is supplied by the external field to the 
scattering event. 
The mechanism involved in inverse Raman scattering is 
best described by comparing it to the more familiar phenom­
ena of conventional Raman scattering and stimulated Raman 
scattering. Figure 1 schematically depicts the events 
occurring in conventional (Fig. la), stimulated (Fig. lb) 
and inverse (Fig. Ic) Raman scattering. 
The initial, |1>, and final, |2>, states have been 
chosen to represent vibrational energy states of the mo­
lecular system. They are separated by energy E^. 
If the system is irradiated by a photon field, which 
for convenience is assumed to be monochromatic in Figure 1, 
it can abstract a photon from the field and pass to an 
Figure 1. Molecular processes taking place in (a) Conventional Raman scattering, 
(b) Stimulated Raman scattering, and (c) Inverse Raman scattering. A 
wavy line denotes a spontaneous process, a broad line represents a 
stimulated process. 
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intermediate state |I>. The intermediate state may be either 
a real state (resonance Raman scattering) or a virtual (1) 
state of the system. We will not treat the resonant case; 
thus, the intermediate state is dashed to emphasize its vir­
tual nature. Having been excited to the intermediate state, 
the molecule may undergo one of two general types of scatter­
ing: it can scatter (emit) a photon and return to the intial 
state, or it can scatter a photon which leaves it in a final 
state which is different from the initial state. In the 
former case, the scattering is elastic and the energy of the 
scattered photon is identical to that of the absorbed excita­
tion photon (hv^) although the direction of propagation may 
be different. This elastic scattering, or Rayleigh scattering 
as it is commonly known, is the dominant scattering process. 
When the initial and final states are different, the scattered 
photon will possess energy hv^ given by the relationship: 
hVg = hv^ ± (1) 
The minus will obtain in (1) when the final state is an 
excited state relative to the initial state while the plus 
will obtain when the converse is true. Historically these 
two inelastic processes are known as Stokes and anti-Stokes 
scattering respectively. Since the number of molecules 
undergoing inelastic scattering will depend upon the 
5 
population of the initial state, it is not surprising that 
the Stokes process dominates the anti-Stokes process. 
The description of the scattering processes may have 
given the impression that the absorption and scattering 
events are sequential. It must be pointed out that they 
are temporally inseparable, that is, they occur "simulta­
neously" and together constitute a single event. (For a 
discussion of the meaning of "simultaneous" in this context, 
the reader is referred to page 239 of reference 2.) 
From the description of elastic and inelastic scatter­
ing, it is obvious that only the inelastic Stokes and anti-
Stokes processes provide information about the internal 
energy structure of the molecule. Less obvious, perhaps, 
but important in what follows, is the fact that the emission 
of the inelastically scattered photcn in conventional Raman 
scattering is spontaneous emission. The spontaneous nature 
of the emission is denoted in Figure 1 by a wavy line while 
a broad line denotes a stimulated process. 
Figure lb depicts stimulated Raman scattering (3,4) (for 
convenience only the Stokes case is shown). If the photon 
field at is very intense, the photon field generated at 
Vg may reach sufficient intensity to induce stimulated Stokes 
scattering at this frequency. To increase the probability 
of this occurring, the Raman active medium may be enclosed 
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in a resonator cavity to enhance the build up of Stokes 
photons. 
Stimulated Raman scattering, unlike conventional and 
inverse Raman scattering, exhibits a threshold because power 
losses at v must be overcome in order to reach the stimu-
s 
lated regime. In addition, only strong Raman lines, those 
with the highest intensity per band width, will go into 
oscillation while weaker lines will be suppressed. Thus, 
a stimulated Raman spectrum may appear substantially dif­
ferent from one obtained using the conventional or inverse 
Raman techniques. 
Figure Ic depicts inverse Raman scattering. Only the 
case analogous to conventional Stokes scattering (i.e., 
state I1> is the ground state) is treated since this is 
the situation of interest in the studies to be presented. 
The inverse Raman arrangement differs from that of the 
preceding two techniques in one very important respect, 
two photon fields, one at and one at , are used to 
irradiate the system instead of the single field at v,. 
The field at has been a continuum in most applications 
to date (5-11) although a monochromatic field may be used 
(12,13) and in some applications is preferable. The field 
at is invariably the monochromatic output of a laser. 
Certain requirements must be imposed upon the two 
fields, most important among which are: (1) the fields 
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must be spatially and temporally coincident in the sample, 
(2) the field at (or a frequency component of it, if a 
continuum) and that at v must satisfy the Raman resonance 
requirement, i.e., h(v^ - v ) = E^, (3) field intensity 
requirements (to be detailed later) must be satisfied. 
In principal the inverse Raman process can readily 
be grasped. What may be somewhat elusive at this point 
is the motivation for courting the practical problems that 
must be inherent in such a technique (to say that all you 
need to perform inverse Raman spectroscopy are two photon 
fields of the proper intensities and frequencies coinci­
dent in time and space is not unlike the comedian who in­
formed his audience he was going to tell them how to become 
rich. "First," he said, "go out and get a million dollars"). 
The justification begins to emerge when one recalls that 
each Stokes photon created at v in the scattering process 
is accompanied by the annihilation of an excitation photon 
at . In theory the experimenter should have the option 
of measuring the attenuation of the excitation field at 
Vj or the growth of the Stokes field at v . Although many 
factors affect the intensity of spontaneous Stokes scatter­
ing, typical values range from about 10 ^ to 10 ^ times the 
excitation intensity (11,14). It is obvious why the inten­
sity of the Stokes photons is monitored in conventional 
8 
Raman spectroscopy rather than attempt to measure the minute 
attenuation of the strong signal at v^. In inverse Raman 
spectroscopy, on the other hand, by placing the Stokes 
scattering in the stimulated regime, it is possible to 
achieve sufficient attenuation of the excitation source to 
allow absorption at \)^ to be measured. In essence then, 
inverse Raman spectroscopy is a technique which allows the 
Raman process to be monitored not in scattering but in 
absorption. (A more descriptive name for this technique, 
one which has been used (15) but has not "caught on" is 
induced absorption at optical frequencies). This leads 
directly to the question, why is it advantageous to monitor 
absorption at rather than scattering at v^? 
In a conventional Raman arrangement the detector is 
located at an angle, typically 90°, to the excitation beam. 
The collection optics allow one to monitor only a fraction 
of the scattered photons. Thus a signal that is already 
weak by virtue of a low quantum mechanical conversion 
efficiency is rendered even weaker because of the experi­
mental detection scheme. Increasing the interaction path 
length is of little if any advantage since the experimen­
tally effective path length is defined by the collection 
optics. When one monitors absorption, however, increasing 
the interaction path length is an effective method of 
enhancing a weak response. 
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If one examines the schematic representations of the 
various Raman processes in Figure 1 one will observe that 
the signal of interest in inverse Raman spectroscopy, at 
v^, is on the high energy side of the photon fields while 
the signal of interest in the conventional technique, at 
V , is at the low end of the energy spectrum. If either 
analyte or matrix exhibit fluorescence as a result of the 
presence of the fields, that fluorescence emission will 
occur, according to Stokes' law of fluorescence, at lower 
energies than the excitation energy. One can readily see 
that fluorescence can, and in practice does, pose severe 
problems for the conventional Raman spectroscopist whose 
signal of interest falls within the fluorescence envelope. 
This problem is obviated by using the inverse Raman tech­
nique since one monitors a signal at a frequency which is 
"upstream" from the fluorescence. Although hot band and 
resonant fluorescence can interfere at the inverse Raman 
frequency, the small solid angle required to subtend the 
entire anti-Stokes beam at allows a high degree of fluo­
rescence rejection through spatial filtering. 
Inverse Raman spectroscopy also holds the potential, 
as yet unexplored, for increasing the resolution possible 
in Raman gas phase studies. The Doppler broadening of a 
Raman line can be expressed as = Cv, where C depends 
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only upon temperature and molecular weight. The value of 
V will vary with the detection geometry and ranges from 
(vj^ + Vg) for backscattering (180°), to for scattering 
monitored in a conventional geometry (90°) , to (v^ - v^) 
for forward (0°) scattering monitored in the inverse Raman 
arrangement. Thus, a reduction in Doppler broadening by 
the factor (v^ - Vg)/Vg should be afforded by an inverse 
Raman study relative to a conventional study. 
An additional advantage of the inverse Raman technique 
is that the spectrum can be obtained in the time span of 
a single laser pulse which, depending on the specific laser, 
can range from microseconds to picoseconds. Thus, the tech­
nique holds great promise as a means for studying short­
lived species. 
The selection rules for inverse Raman scattering are 
the same as those of conventional Raman scattering (although 
it has been suggested (16) that these rules may be relaxed 
because of the high laser powers used). This fact, coupled 
with the absence of threshold effects, allows the inverse 
Raman process to provide spectra identical to that of con­
ventional Raman scattering. 
Before surveying the current state of inverse Raman 
spectroscopy, it will be advantageous to supplement the 
very qualitative picture which has been presented with a 
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more detailed, quantitative examination of the underlying 
principles. 
Theory 
The information provided by inverse Raman spectroscopy 
can be divided into two general areas: qualitative (derived 
from the spectral location of the absorption lines), and 
quantitative (derived from the degree of absorption). In 
order to extract quantitative information, therefore, it is 
necessary to have an expression which allows one to relate 
the experimentally observed absorption to quantities charac­
teristic of the system under study. This connection, as 
with most absorption techniques, is via a phenomenological 
Beer's law type expression which we may write: 
P^(&) = P^^O) exp I"/ g(z)dz| (2) 
where l is the total interaction path length, P^( z )  is the 
2 power (watts/cm ) at at the indicated depth in the 
sample and g(z) is the inverse Raman absorption coefficient 
which, as indicated, is a function of the distance traversed 
in the sample, z. The dependence of the absorption coeffi­
cient on z will be through the power at the Stokes frequency. 
If the Stokes power is essentially constant throughout the 
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interaction path length, we can treat the absorption coeffi­
cient as a constant in which case equation 2 becomes: , 
P^(2,) = P^(0) exp i-gl) (3) 
Equation 3 allows one to experimentally determine a 
value for g. If, however, the experimentally determined 
absorption coefficient is to provide information about the 
molecular system, we must be able to relate g to experimen­
tal and molecular parameters. One may approach the problem 
of obtaining a theoretical expression for g a number of 
different ways. The derivation which follows parallels, 
with some modifications, that of Yeung (11). 
The quantum mechanical transition probability per unit 
time, W^2' that a photon with frequency will be annihi­
lated while simultaneously creating a photon of frequency 
Vg and increasing the internal energy of the molecule by 
h(v^ - Vg) is proportional to two terms (17): 
W^2 P(v^){p(Vg) + Sirhv^ng/c^} (4) 
where h is Planck's constant (erg-sec), n^ the refractive 
index of the medium at , c is the speed of light in vacuum 
(cm/sec) and p(v) is the photon energy density per frequency 
interval at the indicated frequency (erg/cm -Hz) (the sub­
scripts L and s will be used throughout consistent with 
their appearance in Figure 1). 
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The transition probability per unit time that a photon 
with frequency will be annihilated while simultaneously 
creating a photon of frequency is proportional to the 
right hand side of equation 4 with the indices interchanged 
(s+^L) (5), i.e.; 
W22 = p(Vg){p(v^) + SîThv^n^/c^} (5) 
3 3 3 The term Sirhn v /c in the above expressions is respon­
sible for spontaneous emission at the indicated frequency 
(it can be thought of as the photon energy density due to 
zero point fluctuations o f  the vacuum state) w hile the p ( v )  
term within the brackets is the photon energy density at 
the indicated frequency from all other sources . VThen the 
3 3 3 dominant photon energy density term in brackets is Sirhn v  /c , 
the scattering is spontaneous and one is in the domain of 
conventional Raman scattering. When the dominant term in 
brackets is p ( v ) ,  the scattering is stimulated and one is 
in the domain of stimulated and inverse Raman scattering. 
Examining equation 4 one can now see why stimulated 
Raman scattering exhibits a threshold while inverse Raman 
scattering does not. In stimulated Raman scattering losses 
in the system must be overcome until the spontaneous Stokes 
3 3 3 
scattering can generate p(v ) > Sirhn^v^/c . In inverse 
Raman scattering, on the other hand, the desired inequality 
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is immediately achieved by externally supplying a large 
p(Vg) to the system. 
It was stated earlier that the presence of the strong 
field at enhances the Stokes scattering (and therefore 
absorption at v^) in the inverse Raman process by placing 
this scattering in the stimulated regime. One can obtain 
a quantitative measure of the enhancement by comparing the 
Stokes scattering rate in inverse Raman scattering to that 
of conventional Raman scattering. 
The Stokes scattering rate, R^2, in conventional Raman 
scattering is given by: 
^12 ° Nl%i2 
where is the number of molecules in the interaction volume 
initially in state 11> and is (equation 4) in the 
spontaneous regime. The Stokes scattering rate. R^?, in 
inverse (stimulated) Raman scattering is; 
R^2 = " ^ ^^21 (7) 
where ^ 2 is the number of molecules in the interaction volume 
initially in state |2> and the double primes indicate the 
transition rates are evaluated in the stimulated regime. 
The enhancement in Stokes scattering at v (and there­
fore in absorption at v^) in inverse Raman scattering relative 
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to conventional Raman scattering, defined to be y, is the 
ratio of the two rates, i.e.; 
Y  =  R Ï 2 / R Î 2  "  ( N 1 W Ï 2  "  ^ 2 ^ 2 1 ^ ( 8 )  
Equation 8 can be simplified by noting that W^2 p(v^) . 
{SirhngVg/c^} and p(v^)p(Vg). Thus: 
Y  =  6 p ( V g)c^ / 8 - i ï h V g n g  (9) 
where 6 = Using the Boltzmann expression for 
thermal equilibrium population ratios : 
6 = 1- exp{-Aaj^/0*695T} (10) 
where Ao^/cm"^) is the Raman shift and T the local (in the 
interaction region) absolute temperature. 
Using the relationship • 10^ = Q (\>^) cAv/n^ , where 
2 Pg is the Stokes power (watts/cm ), Av the spectral width 
of the Raman line (FWHM), and converting to vacuum wave-
numbers (a = v/c) equation 9 becomes: 
Y  =  6 P g  • 10^/8nhc^ n g O g A c  (11) 
Rigorously one should write Pg(z) in equation 11 since 
the Stokes power will increase at the expense of P^^z) as 
the beam propagates through the medium. However, as will 
be shown later, under typical experimental conditions, 
Pg(0) = Pg(2) to a high degree of accuracy. 
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The degree of enhancement in the Stokes scattering 
rate given by equation 11 can be evaluated for a general 
9 — 1 
case. Using = 100 MW/cm , 6 = 1, Ao = 1 cm and 
n^ = 1.5, one finds y - 10^. The low collection efficiency 
of conventional Raman spectrometers would render the effec­
tive enhancement greater than that given by equation 11. 
This would be offset to some extent by the superior sensi­
tivity of photon counting over absorption measurements. 
Equation 11 gives the degree of enhancement of absorp­
tion at in inverse Raman scattering relative to conven­
tional Raman scattering. In order to obtain an expression 
for g, it will be necessary to have an expression for this 
absorption in the conventional process. 
An expression which commonly appears in the Raman 
literature is : 
Pg = ?^(da/dQ)NQ^;i (12) 
where P^ is the total excitation power (watts), (do/d^) 
the differential Raman scattering cross section per molecule 
per polarization (cm /molecule-sr), N the number density of 
3 
scattering molecules (molecules/cm ), I the interaction path 
length (cm) , the solid angle of collection (sr) , and P^ 
the total Stokes power (watts) scattered into 9.^. In order 
to obtain the total Stokes power it is tempting to simply 
make the substitution = 4ÏÏ . However, equation 12 is an 
17 
approximation (18) and should be used only when is 
sufficiently small that the differential cross section is 
essentially constant over . 
Using the proper differential form of equation 12 
and the fact that each Stokes photon created requires the 
annihilation of an exciting photon, one obtains (19): 
-dP^/dz = {P^a^N/Og} J( d a / d Q ) d Q  (13) 
where the integration is over 4Tr sr. 
The absorption in inverse Raman scattering will be 
greater by the factor y (equation 11). Thus, we find: 
- (dPj^/dz)/P^ = g = {ya^N/Cg} J( d a / d Q ) d Q  (14) 
If the scattering is dipolar, the integral can be 
evaluated as; 
f(da/dn)dn = ^  (dc/dO)^ (15) 
where (do/dO)^ is the differential cross section evaluated 
at 90° (19). Thus: 
g(cm ^) = 6a^Pg • 10^t'T(da/dfî)(Shc^n^a^Aa) 
= (5*6 • 10^^)(5a^Pg)N(da/dfl)^/(n^a^Ac) 
(16) 
2 
where P^ is expressed in watts/cm . 
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The absorption coefficient may be expressed in terms 
of frequency v(sec by multiplying equation 16 by c^ 
and by replacing a with v, or in terms of cyclic frequency 
w(rad/sec) by multiplying by (2wc)^ and replacing a with w. 
The Stokes power gain in stimulated Raman scattering 
is phenomenologically described by an expression similar 
to that for inverse Raman scattering, i.e., 
r 
Pg(%) = Pg(0) exp j G(z)dz = Pg(0) exp {G&} 
°  ( 1 7 )  
where G(cm is the stimulated Raman gain. Since the 
increase in the number of Stokes photons per unit inter­
action path length is equal to the number of photons 
absorbed from the excitation field per unit interaction 
length, it is not surprising that the inverse Raman absorp­
tion coefficient g is directly related to the stimulated 
Raman gain G. The relationship may be obtained by any 
one of several paths. For example, if one takes the 
differential forms of equations 3 and 17, and uses 
P = Nhac /V where N is the occupation number of the photon 
mode and V the beam volume, one obtains: 
-(dP^/dz) = - (ha^c^/V) (dN^/dz) = gP^ (18) 
(dPg/dz) = (ha^c^/V)(dNg/dz) = GP^ (19) 
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Using the fact that dN^/dz = -dN^/dz, one readily obtains: 
The two ratios which appear in equation 20 may be given 
the following interpretation. The gain-loss relationship 
between the fields is directly through the change in field 
occupation number, not through power (energy) change. Since 
equation 20 is expressed in power, the factor corrects 
for the energy discrepancy between photons in the two fields. 
The transition probability per unit time for Stokes 
scattering in the stimulated regime using the field annihi­
lation and creation operator formalism is proportional to 
two terms (19): 
where N is the occupation number of the indicated photon 
mode. Invoking the number balance relationship per unit 
length one can write: 
If equation 22 is solved for either field as a function 
of path length, one obtains exponential behavior for both 
fields with the other field appearing in the exponent, i.e., 
G will be directly proportional to (and therefore P^) 
while g will be directly proportional to (P^). The ratio 
g(z) = G(z) {Pg(z)/P^(z)}(a^/ag) (20) 
(21) 
-(dN,/dz) = (dN /dz) N, N 
LI s Li S 
( 2 2 )  
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P /P, in equation 20 insures that the correct power term 
appears in g and G. If only the wavenumber correction is 
applied to expressions for G (3,4,19-23), g so obtained 
would be directly proportional to P^ which would assert, 
quite incorrectly, that the relative attenuation of P^ was 
a function of P^. 
Expressions for g obtained by other authors directly 
(11,24,25) and those obtained indirectly from G via equa­
tion 20 differ, in general, from that obtained here (equa­
tion 16) by factors on the order of unity. The large 
experimental errors inherent in the measurement of G 
directly has rendered it difficult to determine which of 
the theoretical expressions is most accurate. It may indeed 
be possible to obtain more accurate "gain" measurements 
indirectly by measuring g which is subject to fewer experi­
mental interferences. 
As noted, inverse Raman scattering does not exhibit 
a threshold. There is, however, a lower limit on the power 
of the excitation field at v^. Figure Ic represents the 
inverse Raman scattering process where a photon of fre­
quency is absorbed and a photon of frequency is 
scattered. The system will also exhibit a process which 
is just the reverse of the one depicted, i.e., absorption 
at Vg and scattering at v^. There will be two sources of 
this anti-Stokes scattering at v^, one spontaneous and one 
21 
stimulated. The stimulated contribution has been accounted 
for by 6 in the expression for g. The spontaneous contribu­
tion, so far neglected, can serve as a source of interference 
for absorption measurements at if is too low. In order 
to obtain a quantitative measure of this effect it is nec-
3 3 3 
essary to reexamine equation 7. If = Sirhv^n^/c , 
equation 7 leads to an enhancement y* given by: 
Y' = Y - (N2/N^)(n^o^/ngag)3{p(ag)/p(o^)} (23) 
where y is the enhancement obtained previously when the 
spontaneous contribution at was neglected (equation 9). 
The negative term in equation 23 represents spontaneous 
anti-Stokes noise at and because it is spontaneous the 
emission will be into 4tt steradians. On the other hand, 
the enhancement represented by y is due to stimulated 
emission and will be highly directional. We are interested 
only in the radiation which emerges in the monitored beam, 
thus we obtain: 
y' = y - (N2/N^) (n^CT^/n^a^) p (a^)/p (a^) } (fi/4Tr) 
(24) 
where 0 is the solid angle of collection (generally taken 
to be equal to the beam divergence) and 0/4n therefore the 
fraction of the spontaneous noise that is collected. Equa­
tion 24 represents a more general expression for the 
22 
scattering enhancement and by substituting y' for Y in 
equation 14 one can obtain a more general expression for 
the inverse Raman absorption coefficient which will be 
denoted g'. Thus ; 
g' = g(l - X) (25) 
where g is given by equation 16, B = exp {-Aa^/0•695T} 
= and % (dimensionless) is; 
X = 2hc^BJîa^nJr/{P^ • 10^(1 - B)} 
= (1-2 X 10"12)BOc3n2r/{P^(l - B)} (26) 
Where F is the spectral width (cm"^) of either the Raman 
line (Ac) or the excitation field (supplying the photons 
at v^) whichever is greater. 
If there is to be any absorption at all it is necessary 
that 1 > X, from which it follows: 
> (1-2 X 10"^^)fia^n^r{B/(l - B)} (27) 
Equivalently, one can require that g > gx, or : 
P^ > (2/3)(dG/dO)Q(n^/ng)2(GL/Cg)*%BO(Pg/g)(r/Ao) 
(28 )  
Equation 28 gives numerical values for the minimum P^ in 
close agreement with those obtained from a similar equation 
23 
derived by Strizhevskii and Kondilenko (25) for the case 
r = Aa. 
Using equation 27, two different specific cases will 
be treated. If the Raman active medium is liquid nitro­
benzene (o^ = 15,747 cm ^, Aa = 6*6 cm ^, Aa^ = 1345 cm ^ 
T = 300 K, n^ = 1"5, 0 = 10 ^ sr) a of 110 mVJ/cm^ is 
necessary to give g' = 0'99g (i.e., =1% error by using g 
instead of g'). Chloroform vapor (Ao^ = 261 cm ^ 
= 17,200 cm ^, n^ = 1*5, A& = 1 cm T = 300 K, Q = 10 ^ 
2 
on the other hand, would require a P^ of 4*1 watts/cm to 
give g' =0 99g. Greater power will be required when 
r > Aa. 
The Stokes power requirements at the low power limit 
will be dictated by the minimum absorption that is experi 
mentally detectable. A calculation (11) using typical 
molecular parameters and a path length of 10 cm indicates 
that an absorption of 1% will require a P^ of about 25 
9 
Ml-J/cm"" for gas phase samples at atmospheric pressure and 
2 
about 150 kW/cm for condensed phase samples. Lower con­
centrations can be compensated by increasing the path 
length and increasing the Stokes power (e.g., focusing 
into the sample). 
The upper limits on P^ and P^ will be dictated by 
practical considerations. In general one must avoid 
powers that are sufficiently high to generate interfering 
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effects in the medium. Among the interfering processes 
that can occur are a breakdown of the Raman active medium, 
localized heating, self-focusing, stimulated Stokes scatter­
ing from , stimulated anti-Stokes scattering from P^, 
dielectric breakdown and two photon absorption. 
Of the possible stimulated scattering effects that 
can interfere, stimulated Stokes scattering from P^ will, 
in practice, pose the greater potential problem because 
of the high Stokes powers generally used. Since stimulated 
scattering exhibits a threshold, one can void this inter­
ference by using a subthreshold P^. Expressions for the 
threshold power (19) allow one to estimate the power regime 
in which such interference can be expected. 
Dielectric breakdown (26) is a phenomenon in which 
suspended particles (generally of micron dimensions) in 
the medium become photo-conductive in the presence of the 
intense laser fields. The result of this effect is an 
anomalous absorption at v^. Fortunately this absorption 
is relatively insensitive to and, therefore, will be 
present when is tuned away from resonance. Careful 
filtering of the medium will generally suppress the effect. 
If the medium possesses a resonance at 2v,, 2v or 
(v, + V ), two photon absorption can constitute a signifi-
Li s 
cant interference especially if N(da/dfi) is very small 
(10 cm" sr ^>) (11). Absorption at 2v^ can be checked 
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by measuring the attenuation of in the absence of P^. 
Absorption at 2Vg, if present, will generally lead to 
negligible attenuation of P^ and can be neglected. Absorp­
tion at (v, + V ) poses the greatest difficulty to detect 
experimentally. The presence of fluorescence at frequencies 
higher than v, or v will be indicative of a two photon 
absorption process. One may also monitor the relative 
changes in and necessary to maintain resonance. The 
Raman resonance condition can be written, = h(v^ -
and that for two photon absorption, = h(v^ + v^). If 
resonance is maintained while and are changed we ob­
tain, AVT = Av (Raman) and Av, = -Av (two photon). Thus, LI s Li s * 
if is increased (decreased) will increase (decrease) 
if the process is Raman scattering; if the process is two 
photon absorption, as is increased (decreased) will 
decrease (increase). 
It is clear from what has been presented that, to a 
great degree, the utility of the inverse Raman effect as 
a spectroscopic tool depends upon the availability of an 
accurate formulation of the inverse Raman absorption coeffi­
cient, g. For this reason, the assumptions inherent in 
equation 16 must be emphasized. 
Equation 16 is valid for collimated beams of uniform 
irradiance in spatial coincidence at all points. Rigorously, 
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the use of focused laser beams requires radial and axial 
integration over the fields to correct for the mismatch 
that can result from their Gaussian nature. However, 
except when the mismatch in waist diameters in the inter­
action region is severe, equation 16 provides satisfactory 
results. 
Implicit in the derivation of equation 16 is that 
the Raman transition is polarized (possesses a depolariza­
tion ratio of zero) and that the Stokes laser field is 
polarized parallel to the excitation field (and therefore 
parallel to the induced dipole). When dealing with a non­
zero depolarization ratio and/or non-parallel polarization 
of the fields, equation 3 must be amended. 
It can be shown (see Appendix C) that equation 3, in 
the presence of a polarization mismatch in the two fields, 
and/or a non-zero depolarization ratio becomes: 
P^(2) = P^(0){e ^l^cos^G + e ®2^sin^0} (29) 
where 0 is the angle between the polarization vectors of 
the two fields and o is the depolarization ratio. The 
absorption coefficients g^ and represent absorption 
induced by the components of the Stokes field parallel and 
orthogonal, respectively, to the excitation field. They 
are related by the depolarization ratio, i.e.: 
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g^/gi = P (30) 
Straightforward considerations allow these two absorption 
coefficients to be written: 
Si = g/(i + P) 
^ (31) 
g2 = gP/(1 + P) 
where g is given by equation 16. For low absorption, the 
linearized form of equation 29 is: 
AP^/P^CO) = {g£/(l + &)}{p + (1 - p)cos^0} (32) 
Before closing this section it will be instructive to 
examine the assumption that the inverse Raman absorption 
coefficient is essentially constant over the interaction 
path length, i.e., that Pg(z) = Pg(0). Using equation 20: 
f G ( z ) d z  = (a /a,) J {P,(z)/P (z)}g(z)dz (33) 0 s L L s 
Since G(z) = P^^z), and since P^(z) attenuates as the 
beam travels through the medium, the maximum value for the 
Stokes gain occurs just inside the medium where Pj^(z) - P^^O) 
Thus, the maximum value the integrated Stokes gain may 
achieve is: 
1 G(z)dz = G(0)% = (Gg/a^;{PL(0)/Pg(0)}g(0)% 
^ ° (34) 
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Equation 34 can be evaluated for a typical situation by 
using (Og/G^) = 0-9, PL(0)/Pg(0) = 10"^ and g(0)£ = 0-3 (a 
strong absorption). One calculates a maximum integrated 
Stokes gain of 2*7 x 10 ^ . Thus, even though G(z) changes 
as P^Cz) changes, it is, under the condition that Pg(0) 
>> P^(0), sufficiently small at all times that Pg(z) - Pg(0) 
is an excellent approximation and the use of equation 3 
rather than equation 2 is justified. On the other hand, 
one should recognize the potential error incurred by the use 
of equation 3 when Py (0) = P (0) (such a situation is treated 
in Appendix A). 
Experimental Methods 
As stated earlier, inverse Raman spectroscopy requires 
two radiation fields spatially and temporally synchronous. 
The source at should be spectrally narrower than the Raman 
line (<Aa) and of sufficient power to generate measureable 
attenuation at v^. The excitation field may be monochromatic 
or spectrally broad but must contain frequency components 
which satisfy the Raman resonance requirement. 
The major problem confronting early researchers was 
obtaining a satisfactory excitation source. The first re­
ported inverse Raman spectrum (5) was obtained using a high 
power ruby laser and the broad stimulated anti-Stokes emission 
from toluene. t>Jhen the ruby field was focused into a cell 
containing a toluene, a broad "continuum" was generated 
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centered around + 1003 cm~^. Thus, emerging from the 
toluene cell was the residual ruby field at and the 
anti-Stokes continuum containing Because of the method 
of generation, the excitation field was temporally coinci­
dent with the ruby. Spatial coincidence was assured by 
focusing both fields into the sample cell. The absorption 
was recorded on a photographic plate. This was possible 
since the temporal width of the excitation field did not 
exceed that of the Stokes field. 
A novel variation of the above method of generating 
the excitation field was made by Duardo and co-workers (8). 
They used the same molecule, acetonitrile, as both the 
source of the anti-Stokes "continuum" and as the abosrbing 
species. The Raman line at 2940 cm ^ was used to generate 
the anti-Stokes continuum which then served as the excita­
tion field for the line at 2250 cm ^. A similar arrange­
ment has also been used (10) in which two different liquids, 
one to generate the continuum and one to act as absorber, 
have been placed in the same cell. 
Other sources of the excitation continuum that have 
been used include the short-lived spontaneous fluorescence 
of organic dyes resulting from excitation by the second 
harmonic of the Stokes field (5), and the continuum result­
ing from self-phase modulation of very intense laser pulses 
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in liquids and solids (7). The latter technique can pro­
vide a continuum which spans the visible spectrum thus, in 
principle, allowing an entire inverse Raman spectrum to be 
obtained. However, the continuum is weak and may require 
multiple laser pulses for proper photographic detection, 
thus destroying any quantitative information. 
An arrangement, first used by Yeung (11) , which provides 
a strong continuum source is shown in Figure 2. A Q-switched 
ruby laser provides an output of 50-100 of radiation at 
694 nm (w^) in a pulse which is typically 25-30 ns in dura­
tion (FWHM). The ruby output passes first through a crystal 
of potassium dihydrogen phosphate (KDP) which converts a 
portion of the ruby fundamental to its second harmonic at 
347 nm (2Wg) in a pulse of about 15 ns duration. The ruby 
fundamental and its second harmonic now enter a network of 
mirrors, each denoted by M, which have been specially coated 
to provide selective transmittance/reflectance properties. 
Mirror 1 serves to separate the spatially coincident ruby 
fundamental and second harmonic by reflecting the former 
and transmitting the latter. The second harmonic beam then 
proceeds to pass through mirrors 2 and 3 and enters a cell 
containing an organic dye solution. The fluorescence gen­
erated in the dye by the absorption of the second harmonic 
beam builds up and goes into oscillation between mirrors 3 
and 6 which form the dye laser cavity. Mirror ô is totally 
Figure 2. Experimental arrangement for inverse Raman spectroscopy using a second 
harmonic pumped dye laser. 
M l  
ole 
M 4  
2Wo/  
M 2  M 3  
y 
\  M 5  
OJs.ÙJl 
SAMPLE 
M 6  
DYE 
w 
ro 
MONO-
CHROMATOR 
33 
reflecting to the fluorescence while mirror 3, which is 
partially reflecting, serves as the output coupling mirror. 
The dye laser output (w^) is reflected by mirror 2 and 
transmitted by mirror 5. The ruby fundamental which was 
separated from the second harmonic at mirror 1 follows 
what in essence is an optical delay path to mirror 5 via 
mirror 4. At mirror 5 the intense ruby fundamental (the 
Stokes field) is united with the broadband output from the 
dye laser (the excitation field) thus providing spatial and 
temporal coincidence of the fields and, with proper choice 
of dye and concentration, satisfying the Raman resonance 
requirement. The two fields are then typically focused 
into the sample before passing into a monochromator where 
the excitation field is separated from the Stokes field and 
the absorption recorded. 
Figure 3 shows the photographic record of the inverse 
Raman spectrum of the benzene 3065 cm ^ line obtained using 
the experimental configuration of Figure 2 along with a 
schematic representation of the wavelength and intensity 
relationships (the intensities are not drawn to scale). 
The photograph was obtained by mounting a polaroid 
oscilloscope camera on a Jarrell-Ash 3*4 meter spectrometer. 
The magnitude of the absorption can be determined by using 
a calibrated photographic plate in place of the polaroid 
camera (11). 
Figure 3. Inverse Raman spectrum of the 3065 cm line of benzene. 
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The photograph shows the broad dye continuum along 
with sharp lines from a neon discharge lamp which were used 
for wavelength calibration (the neon line at 585*25 nm is 
explicitly denoted). Not recorded on the photograph but 
sho^m on the schematic is the intense monochromatic Stokes 
field at 694*3 nm supplied by a giant pulse ruby laser. 
The feature of importance in this spectrum is the 
absorption line which appears in the short wavelength re­
gion of the dye continuum. Using the nearest neon line as 
a wavelength reference and knowing the linear dispersion of 
the spectrometer, the absorption was shoxm to occur at 
572*5 nm. As shown on the schematic representation, the 
spectral distance between the Stokes field at 694*3 nm (v ) 
and the absorption at 572*5 nm (v^^ is equal to the Raman 
shift of the line, in agreement with theory. 
The above schemes rely on photographic detection of 
the inverse Raman spectrum. This is possible because the 
temporal width of the generated continuum falls within that 
of the Stokes pulse. Were this not the case, the absorption 
line would be washed out by that portion of the continuum 
at which was not synchronous with the Stokes pulse. 
Although photographic recording is convenient and 
allows a spectrum to be recorded on the time scale of the 
laser pulse, the nature of the photographic response can 
greatly complicate quantitative studies. Improvements in 
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spectral data acquisition and treatment can be expected 
with the use of detectors such as vidicons used in a double 
beam configuration. 
Photoelectric time resolved detection will allow the 
pulsed continuum to be replaced by the output from a cw dye 
laser. Such an arrangement, and the problems unique to it, 
will be discussed in Chapter 2. 
It would be very convenient to perform inverse Raman 
spectroscopy using cw lasers for both the Stokes and exci­
tation fields. The feasibility of such an arrangement will 
depend upon the ability to achieve the power necessary to 
produce a measurable signal with a cw source. To achieve 
the power necessary to allow direct absorption measurement 
would almost certainly require an intra-cavity arrangement 
using focused beams, an arrangement neither impossible nor 
straightforward. 
The use of cw sources becomes more feasible using 
detection schemes which, unlike absorption measurements, 
do not require measuring what may be a small difference 
between two large signals, but rather allows one to measure 
a signal against what is essentially a zero background. The 
two most promising techniques in this area are polarization 
rotation detection (or RIKES, Raman Induces Kerr Effect 
Spectroscopy) and photoacoustic detection. These will 
be discussed later. 
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Reported Studies 
As stated in the first section of this chapter, 
inverse Raman spectroscopy, because it monitors a signal 
on the anti-Stokes side of the system, offers high fluo­
rescence rejection compared to a conventional scheme. An 
excellent example of this capability is provided by the 
study performed by Wemeke et al. (24). Using the inverse 
Raman technique they were able to obtain spectra of the 
strongly fluorescing organic dyes rhodamine B and rhodamine 
6G. The spectra also exhibited resonant enhancement as one 
would expect from such strongly fluorescing compounds. 
Although, as the above study indicates, high fluo­
rescence rejection is possible in inverse Raman spectros­
copy, care must be taken in interpreting the spectra of 
fluorescing systems since the very presence of fluorescence 
indicates an abosrption process other than inverse Raman 
absorption. Conventional one photon absorption from either 
or both of the fields at and v^, depending on its magni­
tude, can render interpretation difficult. A sharp one 
photon absorption from the excitation field can masquerade 
as an inverse Raman line. Absorption at will reduce the 
Stokes power (P^) in which case quantitative information 
can be obtained using equation 2 if the exact form of Pg(z) 
is known (e.g., if the absorption at is exponential with 
length and the absorption coefficient is known). 
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Several studies have been reported in which the 
ability of inverse Raman spectroscopy to detect the minor 
component of a mixture was studied. Using a two cell 
arrangement similar to that of McLaren and Stoicheff (6), 
Gadow et al. (10) found little if any improvement in 
detection limits compared to stimulated Raman emission. 
Attempts to improve detectability by focusing into the 
sample cell were unsuccessful due to the onset of stimu­
lated scattering. They were, however, able to achieve 
significantly higher detectability by using a one cell 
arrangement in which the substance used to generate the 
anti-Stokes continuum (toluene) was used as the solvent 
for the minor component. Detectability of the minor 
_ o 
component ranged from 5 % 10 moles/liter for pyridine 
to 1.0 mole/liter for aniline and acetophenone. 
There have been two main techniques used in an attempt 
to improve inverse Raman detection limits. The first, 
resonant enhancement, was mentioned briefly in the discus­
sion of the study of the rhodamine dyes. 
The resonance Raman effect (27) is probably the least 
understood of the scattering processes. Although the per­
turbation treatments of Raman scattering are not valid in 
the resonance regime, they do, in a qualitative way, predict 
what is indeed observed, a large increase in the Raman 
transition probability as the exciting radiation approaches 
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resonance with an electronic transition of the molecule. 
Such an enhancement should compensate for a low concentra­
tion for analyte molecules thus improving detectability. 
It has been shown (24) in the case of a three level 
model that in the resonant regime, 
g = {(w^ - + fZ}-! (35) 
where and F  are the resonant frequency and linewidth 
of the electronic transition. When equation 35 is valid 
the minimim detectable number density, in the absence of 
complication from the resonant absorption, is approximately 
equal to the inverse of g, i.e., - g ^ (24). If, 
however, the resonant absorption at v is strong the inte­
grated Stokes power will be proportional to the inverse 
of the number density thus rendering the absorption coeffi­
cient an insensitive function of N. A strong resonant 
absorption at may make it impossible to detect the in­
verse Raman absorption. 
Several reports of resonance enhanced inverse Raman 
studies have been reported (10, 24, 28). Using electronic 
detection and resonance enhancement it is estimated (24) 
that the detection of species in concentrations of 10 ^ 
moles/liter for typical compounds will be possible. 
From equation 16 it can readily be seen that an 
accurate measurement of the inverse Raman absorption 
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coefficient will allow the determination of the Raman 
scattering cross section. Two such studies have been 
reported, one using a ruby laser and harmonic pumped dye 
laser and employing photographic detection (11) , the 
other employing photoelectric detection by substituting 
a cw dye laser for the pulsed dye laser (13) . 
Little has been done to use inverse Raman spectros­
copy to study chemical reactions. The only reported 
study is that of Von Holle (29) who studied the sponta­
neous decomposition of a liquid propellant containing 
isopropyl ammonium nitrate and hydroxyl ammonium nitrate. 
Using the inverse Raman technique the presence of 2,2-
dinitropropane was detected and later confirmed using 
mass spectroscopy. 
Few studies have been reported where the sample was 
not a liquid. Low gas phase number densities and narrow 
linewidths require experimental configurations offering 
both high power and high resolution. Using focusing to 
2 
achieve a power density of about 1 GW/cm , Von Holle (29) 
was barely able to detect inverse Raman absorption by at­
mospheric nitrogen. 
Although solids offer high number density, they are 
inherently subject to permanent damage from high power 
densities. The one solid phase study to date (30) was 
an extensive study of polaritons in a LilO^ single crystal. 
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The well-defined polarization and propagation directions 
of the fields used in inverse Raman spectroscopy give the 
technique great potential as a tool in the study of crystal­
line media. 
Inverse Raman spectroscopy is, in theory, capable of 
higher sensitivity when detection techniques are used 
which measure the absorption indirectly rather than directly 
as in the above studies. Using one such technique, photo-
acoustic detection, a high resolution inverse Raman spectrum 
of methane was obtained at a pressure of only 50 torr, 
while detection of the presence of methane extended to a 
_ o 
pressure of 1*5 x 10 torr (31). The technique has also 
been used to obtain the spectra of several neat liquids (32). 
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CHAPTER II. THE DETERMINATION OF ABSOLUTE 
RAMAN CROSS SECTIONS 
The determination of absolute Raman cross sections 
has long been as difficult as it was desirous. While the 
development of the laser represented a giant step forward 
for the Raman spectroscopist, many problems remained for 
those who would attempt to measure absolute cross sections. 
Accurate absolute Raman cross sections are of great 
value for a number of areas among which are: providing an 
understanding of molecular scattering tensors (33); allow­
ing easier quantitative Raman applications such as remote 
sensing (34); in predicting intensities in coherent anti-
Stokes Raman scattering (CARS) (35); in predicting stimu­
lated Raman gain coefficients (36); and in the determination 
of absolute two-photon absorption cross sections (37)• 
Photographic recording of Raman spectra of gases and 
liquids allows the accurate measurement of Raman shifts 
and, from high-resolution gas phase studies, the accurate 
determination of molecular constants. However, because of 
the nature of the photographic response, accurate measure­
ments of Raman cross sections and intensities require the 
use of photoelectric detection first introduced into Raman 
spectroscopy by Rank et al. (perhaps in only one study 
using photographic detection (38) were reliable data ob­
tained) . It was not until 1955 that the many necessary 
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corrections required for careful intensity measurements 
were considered and applied to the determination of abso­
lute cross sections (39-42). 
The development of the laser further reduced the un­
certainty in the measurement of absolute cross sections by 
allowing more accurate determination of excitation intensity 
and interaction volume. In order to overcome the uncertain­
ties that remained, several techniques have been proposed. 
The most reliable gas phase cross sections have been 
obtained using the J = 1 to J = 3 transition cross section 
of hydrogen as a reference (43, 44) because its optical 
anisotropy and wavelength dependence are experimentally 
and theoretically well-characterized (45-48). 
Because of its inertness and ease of mixing with other 
gases, and because of its use as a standard in air pollution 
measurements using the Raman LIDAR technique (49)• nitrogen 
is very attractive as a gas phase reference. For this rea­
son, several studies have been undertaken to determine cross 
sections for the Q-branch of the vibrational band (44, 50). 
Gas phase cross sections have also been obtained by 
measuring the Ram.an/Payleigh intensity ratio (51-53) since 
accurate theoretical gas phase expressions for the ratio 
exist. 
Because of short range order, intermolecular inter­
actions, and changes in the internal field, the liquid 
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phase environment is much more complex than that of the 
gas phase. In general, the cross section for a given Raman 
line is higher in the liquid state than in the gaseous 
state (40). In an effort to apply the polarizability theory 
to liquids, local field correction factors (54, 55) have been 
incorporated into cross section expressions derived for the 
gas phase. The complexity of the situation is shown by the 
fact different lines within the same molecule may undergo 
different intensity changes upon passing from the gas to the 
liquid phase even though the internal field correction is 
the same for all lines within the molecule. This behavior 
is accommodated within the polarizability formalism by re­
garding the invariants of the polarizability tensor as 
functions of intermolecular interactions. It is not sur­
prising, therefore, that unlike the gas phase, there are no 
theoretical expressions for line intensities in the liquid 
phase which are sufficiently reliable to allow their use 
in establishing a reference standard. 
In order to establish a liquid phase reference value, 
a direct absolute cross section measurement was performed 
on the 992 cm~^ line of benzene (56) using a calibrated 
spectrometer. This value, which suffered from the uncer­
tainties inherent in the calibration process, served as a 
reference until Kato and Takuma (57, 58) determined absolute 
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cross sections for several liquids using a black body 
source as a reference. 
There are several major sources of systematic error 
which confront the spectroscopist in the measurement of 
Raman intensities: (a) accurate calibration of the response 
of the detector; (b) determination of the efficiency of the 
spectrometer; (c) definition of the solid angle of collec­
tion; (d) neglect of the angular dependence of the scatter­
ing process; and (e) neglect of the temperature dependence 
of the intensity. 
Perhaps the most careful attempt to date to measure an 
absolute Raman scattering cross section through conventional 
Raman scattering is the above cited study by Kato and Takuma 
(57). Using a long focal-length lens they obtained 488 nm 
output from an argon ion laser in a well-defined excitation 
beam in the sample. The sample cell utilized oblique plane 
windows to avoid reflected light contributing to the measured 
signal. The laser power reflected off the initial cell face 
was monitored by a calibrated thermopile and used as an index 
of the power in the cell. The heart of the system was two 
identical optical systems and .rotating sector mirror which 
alternately projected 1:1 images of the interaction volume 
and a slit opening of the blackbodv source on to the entrance 
slit of a double monochromator. The laser power was attenu­
ated until a balance, determined by a phase sensitive detector 
47 
located at the monochromator exit slit, was achieved between 
the intensity of the Raman scattering and blackbody radia­
tion. The cross section could then be calculated using a 
formula derived by these authors. 
This experiment arrangement eliminates several sources 
of error, especially (a), (b), and (c) of those noted pre­
viously, but not (d) and (e). 
The difficulty in accurately measuring absolute Raman 
cross sections becomes especially evident when one notes 
the large discrepancies among reported cross section values 
from various laboratories. These discrepancies are clear 
indications of the gap which frequently exists between pre­
cision and accuracy. 
The potential of inverse Raman spectroscopy for the 
determination of absolute Raman cross sections was first 
exploited by Yeung (11) . His experimental arrangement is 
schematically represented in Figure 2. A portion of the 
output from a giant pulse ruby laser, which provided the 
Stokes field, was frequency doubled and the resulting field 
used to pump a dye laser, the output from which provided 
the excitation field. The two fields were then recom.bined 
before passing through the sample and later separated by a 
monochromator. 
Although the use of the inverse Raman technique in that 
study allowed the elimination of several sources of error, 
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there were some technical limitations inherent to the 
arrangement used. The use of photographic detection made 
quantitation of the absorption difficult. The determina­
tion of peak laser powers and the assumptions of perfect 
temporal coincidence and absence of correlation between 
spatial modes in the two fields were also sources of un­
certainty . 
In this chapter an alternative experimental arrange­
ment for inverse Raman spectroscopy which is essentially 
free of earlier limitations will be described and the re­
sults of an experiment using this configuration will be 
presented. 
Experimental 
The experimental arrangement used in this studv is in 
many ways similar to those used to measure two-photon ab­
sorption (59) or Stokes Raman gain (50). The arrangement 
is schematically depicted in Figure 4. A ruby laser (R), 
the output from which provided the intense Stokes field, 
was passively Q-switched using a solution of vanadyl phthal-
ocyanine in benzene. The ruby laser output was directed 
first into a 10 cm. Raman liquid cell (C) containing nitro­
benzene and then into a factory-calibrated Hadron ballistic 
thermopile (T) by which the shot-to-shot energy was measured. 
The excitation field was provided by a Spectra-Physics model 
581 cw dye laser (D) controlled by a Pockels cell (PC). The 
Figure 4. Experimental arrangement used to measure absolute scattering cross 
section of nitrobenzene. Ruby laser (R); Dye laser (D); Pockels 
cell (PC); Ballistic thermopile (B); Sample cell (C); Monochromator 
(S); Photo-tube (P); Oscilloscope (0); Trigger generator (T). 
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dye laser output, expanded ten times with an Oriel B-34-40 
beam expander to insure maximum beam overlap, is combined 
with the ruby field in the Raman cell and then is focused 
into a Bausch and Lomb double grating monochromator with a 
spectral slit width of 2*0 nm centered around the dye laser 
wavelength. 
The dye laser intensity passing through the monochroma­
tor was monitored with an Amperex 56TVP photomultiplier tube 
(P) possessing a dynode chain specially designed for high 
current output, and displayed on a Tektronix 7904 oscillo­
scope (0) using a 7A19 vertical amplifier. The photomulti­
plier tube was capable of delivering up to 300 mA while 
maintaining linearity but only for short light pulses. In 
order to provide a pulse of appropriate duration from the 
cw dye laser, a Pockels cell was mounted within the dye 
cavity. By applying a DC high voltage field to the Pockels 
cell, using a Lasermetrics GP-4 high voltage puiser, the 
lasing was quenched by introducing a high loss at the lasing 
polarization. The firing of the ruby laser activated a 
trigger generator possessing a variable delay which in turn 
deactivated the high voltage puiser for a few micro-seconds. 
During the period in which the voltage to the Pockels was 
clamped to ground, lasing was achieved thus effectively 
producing an excitation pulse from the cw dye laser. The 
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variable delay insured the ability to achieve temporal 
coincidence. 
Results 
A problem was encountered earlv in the study. Mirrors 
M2, although presenting a very high reflectance to the ruby 
beam, nevertheless possessed a small but finite transmittance 
at that wavelength. As a result, a small fraction of the 
ruby intensity was directed into the dye cavity. The ruby 
field reaching the dye cavity affected the Pockels cell 
sufficiently to reduce the gain of the dye laser. To cir­
cumvent this effect, an optical delay line (ODL) was intro­
duced by increasing the distance between the dye laser and 
the Raman cell. By appropriately adjusting the time delay 
on the trigger generator, the dye laser was fired earlier 
in order to traverse the increased distance to the cell and 
arrive at the same time as the ruby pulse. The additional 
time required for the ruby field to traverse the optical 
delay line provided a period of unperturbed dye laser output 
sufficient for any inverse Raman absorption to be detected. 
It appeared that inverse Raman absorotion was to be 
achieved in this study with uncharacteristic ease because 
the very first oscilloscope traces showed a distinct atten­
uation of the dye field coincident with the arrival of the 
ruby pulse at the Raman cell (by tuning the monochromator 
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near the ruby wavelength, the temporal relationship of the 
ruby pulse to the dye output could be determined from the 
ruby intensity scattered from the cell window). Unfortu­
nately, the absorption persisted when the dve laser was 
tuned away from the Raman resonance. The observed behavior 
was consistent with the phenomenon of dielectric breakdown 
(26). This off-resonance absorption disappeared after 
careful filtering of the nitrobenzene. 
An inverse Raman absorption was then recorded and con­
firmed by the fact that the absorption was coincident with 
the ruby pulse, and that the absorption disappeared when the 
dye laser was tuned off resonance or when the ruby field was 
blocked before entering the cell. 
A typical oscilloscope trace of the inverse Raman 
absorption is shovm in Figure 5. The vertical axis repre­
sents dye laser intensity and increases from top to bottom. 
The horizontal axis represents time (50 ns/division) and 
increases from left to right. The dot at the upper left 
margin represents zero intensity output from the photomulti-
plier tube. The Pockels cell was switched off and the dye 
laser switched on several microseconds before the trace to 
allow stabilization of the dye laser output to the value 
recorded at the beginning of the trace. The first drop in 
the dye laser intensity, the peak of which occurs about 
70 ns into the trace, represents the inverse Raman absorption 
Figure 5, Oscilloscope trace of inverse Raman absorption. 
Time axis, 50 ns/division. 
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and is coincident with the ruby pulse. About 50 ns after 
the peak of the inverse Raman absorption, the dve laser 
intensity begins to drop again. This attenuation is coin­
cident with the arrival of the ruby pulse in the dye cavity. 
Had an optical delay line not been used, this second strong 
and rather long-lived drop in intensity would have occurred 
earlier and obscured the inverse Raman absorption. 
In order to determine the absolute Raman cross section, 
the inverse Raman absorption coefficient, g, must first be 
obtained via equation 3. Once a value for g is determined, 
the absolute Raman cross section can be extracted from equa­
tion 16. Combining these equations we obtain: 
(da/dn)Q = (K/&Pg)logg{P^(0)/PL(&)} (36) 
where K contains terms characteristic of the system under 
study and is given by; 
K(watts-cm-sr = (1:79 x 10 (n^a^Aa)/(ôa,N) 
(37) 
For low absorption, equation 36 can be written; 
(dG/dn)g = (K/%Pg){AP^yP^^O)} (38) 
The number density, N, is calculated from density data 
O 1 _ O 
to be 5'86 x 10 cm' . The index of refraction, n^, is 
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taken to be 1*54 (61). The values of and are 14402 
cm ^ and 15 747 cm  ^ ,  respectively. A  Raman linewidth, A a ,  
of 6'6 cm ^ (measured by conventional Raman spectroscopy) 
was used (19) . The value of 6 at room temperature is essen­
tially unity. 
In principal, any value of P^(0) and P^(2) at any 
given time on the absorption curve could be used to obtain 
g if the proper value of at that time were known; it is 
most convenient to measure the peak absorption. Thus P^(0) 
and P^^%) are obtained directly from the oscilloscope trace. 
The Stokes power associated with the peak absorption is ob­
tained by dividing the energy of the ruby pulse measured by 
the ballistic thermopile (corrected for reflection losses 
at surfaces) by the temporal width of the pulse at half 
maximum absorption. The duration of the ruby laser pulse 
is not reproducible from one trial to the next and, like 
the Stokes energy, must be measured for each trial. The 
pulse width varied by as much as 20% in this study. 
Using equation 36 and correcting for a non-zero depolar­
ization ratio of 0*15 (56), the data from 65 spectra yield 
an absolute Raman scattering cross section of (2-35 ± 0*27) 
-29 *^-1 -1 
:< 10 cm~sr for the 1345 cm line of nitrobenzene. The 
indicated uncertainty includes realistic estimates of the 
accuracies of the individual parameters, particularly the 
calibration of the thermopile, the contribution of the 
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finite width of the oscilloscope trace to errors in measuring 
intensity, and the accuracy of the pulse width measurements 
from the individual photographs. Measurements of the last 
two parameters, relative intensity and pulse width, represent 
the most significant sources of error in this study. 
When the spectral bandpass of a conventional Raman 
spectrometer is sufficient to allow detection of radiation 
scattered from the entire line, the cross section measured 
is the integrated scattering cross section (do/dO)^. By 
closing the spectrometer slits and operating at high resolu­
tion, the intensity at line center and its associated cross 
section, the peak cross section (da/drOp can be determined. 
The two cross sections are related, for a Lorentzian profile, 
by 
(da/dfi)j_ = (TrAa/2) (da/drOP (39) 
Equation 39 yields a peak cross section per molecule for 
the 1345 cm ^ nitrobenzene line of 2*77 ^ 10 cm^ sr 
Discussion 
It was claimed in the introduction to this chapter that 
using inverse Raman spectroscopy to measure absolute Raman 
scattering cross sections offered advantages over conven­
tional techniques. To show that this method is indeed more 
reliable, the various possible sources of inaccuracies will 
be considered in detail. 
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The angular dependence of the Raman scattering process 
has been properly taken care of in the inverse Raman tech­
nique. The lasers have a beam divergence of less than 5 mrad 
and are aligned to be propagating at 180° ± 1°. This is far 
better than the solid angle subtended bv the collection op­
tics of a typical Raman spectrometer where it is assumed 
that all collected light represents 90° scattering. 
The short pulse durations of the two fields and the 
larger cross-sectional areas of the beams used in this study 
should reduce the extent of sample heating relative to 
typical laser Raman studies and thus minimize temperature 
effects on the intensity. 
Both lasers provided fields of sufficient spectral 
resolution (the dye laser field, the spectrally broader 
of the two fields, possessed a width of less than 1 cm 
relative to the 6-6 cm"^ width of the Raman line that the 
shift between the two fields could be centered at the peak 
of the transition by maximizing the normalized absorption. 
Thus, any error due to inaccuracies in the absolute fre­
quencies of the fields (e.g., a temperature shift of the 
ruby) would not be sources of error. 
Complete spatial overlap of the two lasers was assured 
in this arrangement. The diameter of the ruby beam was 
0*9 cm and that of the expanded dye beam 0'5 cm. The dye 
field was therefore completely covered by the ruby field 
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even if slight misalignment is present. Furthermore, the 
single mode (TEM Q^) property of the dye laser field smooths 
out the multimode nature of the ruby field so that only the 
average power across the whole beam needs to be determined. 
Mathematically, this is equivalent to taking a slowly vary­
ing function (the dve laser power spatial dependence) out­
side of the integral over the product of the field powers 
thus leaving only the ruby field power to be spatially in­
tegrated. This offers a more satisfactory approach to 
dealing with the multimode properties of lasers than earlier 
work (11). 
Because one source is a cw laser, temporal coincidence 
of the two lasers is assured. Problems in synchronizing 
the two fields are entirely eliminated. It may be noted 
that a detailed study of the time dependence of the two 
fields has been neglected in this study. The ruby laser 
may in fact be partially mode-locked and the dye laser 
field probably contains high frequency components resulting 
from the beating of longitudinal modes. Although ideally 
one would like to use a single longitudinal mode cw dye 
laser, mathematical modeling shows that as long as the 
temporal behavior of the two fields is uncorrelated, the 
photo detector will average out such fluctuations. 
The determination of the power density for each 
trial in this arrangement is reliable since spatial and 
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temporal fluctuations will be averaged out as discussed 
above. A question that does remain is, what is the effect 
of slow detector response on experimental accuracy? That 
is, how can the peak power be measured to correlate with 
the peak absorption if the detector is slow compared to 
the temporal features of the laser pulse? Since P^(0), 
P^(&), and the laser pulse width, and therefore the peak 
Pg, are determined from the same oscilloscope trace, a 
slow photo detector will respond to indicate a smaller 
absorption whenever it underestimates the peak laser power 
(assuming the pulse area is proportional to pulse energv). 
To estimate the error introduced by such a situation, we 
assume that equation 3 can accurately be approximated by 
a truncated expansion (the observed integrated absorption 
coefficients in this study could be approximated to better 
than 0*5% by an expansion through second order). We thus 
obtain : 
{AP^/Pgl/P^CO) = g'A - (g'%)2pg/2 (ZW) 
where g = g'P^. The left hand side of equation 40 is inde­
pendent of error since a slow detector underestimates both 
APT and P to the same extent and the effects cancel. Error L s 
will be introduced in equation 40, therefore, only from the 
term containing P^ on the ri^ht hand side. If the absorption 
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is sufficiently small so that this term is negligible in 
the expansion, the experimental results will be insensitive 
to slow detector error. Even if the term containing in 
equation 40 must be included, the error will be relatively 
small for moderate slow detector error. For example, if 
the slow detector leads to a low Stokes power P^ which is 
related to the actual Stokes oower, P , by P' = P (1 - e) , 
s s s 
2 
an error term of c(g'%) P^/Z will be introduced in the right 
hand side of equation 40. Using tvpical values encountered 
in this study we find; 
{e(g'&)2pg/2}/{ap^ypgp^(0)} = 0.15e (41) 
Using equations 40 and 41 to calculate g', one finds an 
error of about 3-5% for s = 0*2 and 9% for e = 0 « 5 (the 
calculated value of g', and hence the cross section, will 
be too low). Thus, this experimental approach reduces the 
sensitivity of the calculated absorption coefficient to 
slow detector error. 
Several modifications are possible which would further 
reduce experimental uncertainties. By introducing a dc 
bias to the signal and expanding the scale more accurate 
absorption measurements should be possible. In addition, 
the use of a second oscilloscope used solely to monitor 
the laser pulse should provide more reliable pulse duration 
values. 
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CHAPTER III. ALTERNATE METHODS OF DETECTION 
The sensitivity of inverse Raman spectroscopy is 
determined to a large degree bv the technique used to 
measure the absorption. Direct absorption measurement, 
the most obvious and perhaps the most straightforward 
technique, in principal offers less sensitivity than other 
available methods. These other methods, while affording 
greater potential sensitivity, are not without their o\<m 
special problems and limitations. This chapter will detail 
the efforts to employ three of these techniques. 
Photo-acoustic Detection 
Although the photo-acoustic effect has been known for 
a century (62), it was not until the development of the 
laser that its full potential as a spectroscopic tool could 
be utilized. 
In principal the photo-acoustic effect can readily be 
understood. If electromagnetic radiation is passed through 
a gas which possesses a finite absorption coefficient for 
the radiation, a fraction of the radiant energy will be 
absorbed. Assuming for simplicity that the molecules possess 
only two energy levels, those which are in an excited state 
can return to their ground state via three paths: re-
radiation of a photon; collisional resonant energy transfer 
to a molecule of the same species initially in its ground 
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state in which case the total internal energy of the collid­
ing molecules is conserved; a collisional energy transfer 
in which the internal energy of the excited molecule is 
degraded into translational energy for the colliding mole­
cules. The third process results in increased heat energy 
and therefore an increase in the local pressure. If the 
radiation is modulated at a rate slower than the collisional 
relaxation process, the temperature and hence the pressure 
increase will also be modulated at the same rate. If the 
modulation is at audio frequencies (generally from about 
20 Hz to 20 kHz) a microphone can be used to detect the 
pressure (sound) wave. 
One can see from the above that the photo-acoustic 
spectrum of a substance will reflect the absorption spec­
trum of that substance, although in real molecules the 
situation is obviously more complex because of the various 
relaxation processes that may be available to the molecule. 
The high sensitivity of photo-acoustic detection de­
rives from the fact that, as with fluorescence, one is 
monitoring a signal against what is ideally a zero back­
ground, and because the modulated excitation allows extrac­
tion of the signal with phase sensitive detection. Using 
photo-acoustic detection absorption coefficients of 10 ^ 
cm'^ have been reported (63)• 
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Although the bulk of photo-acoustic studies have been 
performed on gas phase samples, considerable attention has 
recently been devoted to solid (64) and liouid samples (65). 
I'fhen using condensed samples a coupling gas is generally 
used as a conduction medium to allow the generation of a 
pressure wave. 
The application of photo-acoustic detection to non­
linear Raman absorption has been reported in the gas phase 
using both cw (31) and pulsed laser excitation sources (66), 
and in the liquid phase using a pulsed source (32). One 
can show (see Appendix B) that the nressure change induced 
by inverse Raman absorption is given by: 
Ap(J/cm.^) = (Y - 1) ATP^(O) giAa^/a^V (42) 
9 
where A(cmr) is the cross sectional area of the interaction 
region, 2(cm) the interaction length, T(sec) the interaction 
time, Y is the heat capacity ratio (Cp/Cv) of the gas in 
which the pressure wave is generated, AG^(cm ^) is the Raman 
shift of the state populated by the inverse Raman absorption, 
-1 3 
a^(cm~ ) is the energy of an excitation photon, V(cm ) is the 
2 _ 2 
cell volume, P^^O) is expressed in watts/cm , and g(cm ) is 
given by equation 16. 
From the above equation it is obvious that an accurate 
measurement of the pressure change resulting from inverse 
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Raman absorption will allow one to readily obtain the same 
information available through absorption measurements but 
with the higher sensitivity of photo-acoustic detection. 
The initial attempt to photo-acoustically detect in­
verse Raman absorption was made under substantially less 
than ideal conditions. Our laboratory possessed both a cw 
argon ion (Ar^) laser and a tunable cw dye laser which 
together would have been excellent radiation sources for 
the proposed experiment (in fact the first reported photo-
acoustic detection of inverse Ramna absorption (31) utilized 
such an arrangement). Unfortunately, the dye laser required 
the Ar"*" laser as an excitation source. Thus, the use of 
one precluded the use of the other. 
Confronted with this limitation, it was decided to use 
the Ar laser alone. Using a Littrow prism, the Ar laser 
can be tuned to emit any one of six possible wavelengths 
ranging from about 458 nm to 515 nm. If the prism is re­
placed with a broadband mirror, all six lines will be emitted 
simultaneously. A search was therefore conducted for sub­
stances which met three criteria: a Raman shift equal to 
the difference between any two of the stronger Ar"^ laser 
lines; high Raman cross section; high vapor pressure. Since 
the experiment would be conducted on pas phase species, the 
last criterion would assure a reasonable number density of 
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scattering molecules. As a result of the above considera­
tions, thiophene and methyl acetate were chosen for the 
study. Both exhibit a Raman resonance at about 845 cm.~^, 
the difference between the 496*6 nm and 476*6 nm Ar"^ laser 
lines. 
The cell was constructed of polished Plexiglas to max­
imize the transmission of scattered light out of the cell 
and away from the microphone where its absorption by the 
diaphragm would constitute an interference. To further re­
duce the access of scattered light to the microphone, the 
microphone was offset below the bore of the cell. The cell 
windows were a matched pair of plano-convex lenses designed 
to bring the radiation to a focus in the center of the cell 
and re-collimate it as it left the cell. The distance be­
tween the lenses was about 5.5 cm and the diameter of the 
cell in the focal region about 9 mm. 
To detect the generated pressure wave, a 1/4" B & K 
microphone and pre-amp were sealed using an o-ring arrange­
ment into the Plexiglas block housing the cell. The output 
from the pre-amp was fed to a B & K variable gain amplifier 
and then into an Ortec lock-in amplifier. A Princeton 
Applied Research variable speed chopper was used to modulate 
the laser radiation. 
Using a helium leak tested valve attached to the cell, 
- 3 the cell was evacuated to a pressure of about 10 torr and 
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the sample vapor then allowed to equilibrate in the cell 
which was then sealed. 
Both samples produced a definite photo-acoustic signal 
which decreased, as expected, with increasing chopping rate. 
However, the experimental arrangement, that of providing 
both excitation and Stokes fields from the same Ar"^ laser, 
ruled out the two primary ways of confirming the presence 
of an inverse Raman process, i.e., blocking one field or 
tuning away from the Raman resonance. In an effort to see 
if the signal was the result of other processes the experi­
ment was repeated using a single Ar"^ line on the samples, 
and the broadband Ar"^ laser output with the cell evacuated, 
and containing air. 
Based on the results of these tests, it was concluded 
that either the inverse Raman signal was being lost in 
window and scattered light noise, or that inverse Raman 
absorption was not taking place. Calculations based on 
equation 42 using estimated cross section values indicate 
that a very stable, low noise arrangement would allow 
detection of the signal if exact resonance were achieved. 
Because of the paucity of gas phase Raman data available, 
liquid phase spectra (67) were used as a guide. The shift­
ing and narrowing of gas phase lines relative to the liquid 
phase made resonance uncertain. The unavailability of a 
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conventional laser Raman spectrometer made it impossible 
to determine the location of the lines in the gas phase. 
Considering the limitations imposed by the available 
equipment, the lack of success in this experiment was not 
surprising. Barrett and Berry (31) used an intra-cavity 
arrangement utilizing an Ar"^ laser and tunable cw dye 
laser in the first successful experiment to photo-acous-
tically detect inverse Raman absorption. The higher power 
and increased latitude in sample choice afforded by their 
arrangement provided a signal, based on equation 42, which 
was two hundred times greater than that which we would 
have ideally seen. 
In an effort to reap the benefits of a tunable source, 
a Chromatix CtlX-4 tunable pulsed dye laser was borrowed and 
used with the cw Ar"^ laser to study benzene. The same cell 
used in the previous study was again used. The experimen­
tal arrangement is shown schematically in Figure 6. 
The dye laser (D) providing the Stokes field (a) and 
the Ar"^ laser (A) providing the excitation field were 
counter-propagated into the photo-acoustic cell (PC). The 
generated pressure wave was detected by the microphone (M) 
and the signal fed successively to an audio amplifier (AA) 
and a phase sensitive detector (L). A "synch-out" gate 
available on the dye laser provided a reference signal for 
Figure 6. Experimental arrangement for photo-acoustic detection. Pulsed dye 
laser (D) ; Ar"^ laser (A) ; Photo-acoustic cell (PC) ; Microphone (M) ; 
Audio amplifier (AA); Lock-in amplifier (L). 
71 
72 
the lock-in amplifier (L) thus obviating the need for a 
mechanical chopper. 
The dye laser was tuned to the benzene Raman shift of 
3069 cm ^ (68) relative to the 514" 5 nm line of the Ar"^ 
laser. The Ar"^ laser provided power of about 2*5 watts 
cw while the dye laser, using Rhodamine 6G, provided peak 
powers of about 3 mJ in pulses of 1 lisec duration at rates 
up to 30 pulses/sec. The dye laser power at the focal 
2 point was estimated to be approximately 300 kw/cm . 
Slow scanning (0-01 cm"sec) through the resonance 
region failed to produce an unambiguous, stable photo-
acoustic signal. An analysis of the arrangement reveals 
that the problem resides with the dye laser source which, 
although it provides tunability and increased peak power, 
possesses too low a duty cycle to allow adequate excita­
tion. This can be seen by examining equation 42. The 
pulse width of the laser gives x a value of 10 ^ sec., 
equivalent, from the standpoint of energy deposited in 
the sample, to a mechanical chopping rate of 1 MHz. 
Equation 42 and the microphone sensitivity (=10 mV/PA) 
lead to an estimated unamplified signal of 0*2 yV which, 
using an amplifier and phase sensitive detection, should 
be detectable but only if the system were stable and 
essentially free of resonant noise. Considering the 
magnitude of the expected signal and our inability to 
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extract a signal which met the criteria for inverse Raman 
absorption, it is believed that resonant signals from 
absorption by the windows probably masked any signal of 
interest. 
One fact which was made painfully obvious by the 
above experiments was that high laser power would greatly 
enhance the chance of success in such a study. For this 
reason, attention was focused on the higher power pulsed 
lasers available in our laboratory, specifically, a giant 
pulse ruby laser and a Phase-R model D-2100 flash lamp 
pumped dye laser. 
The ruby laser can provide power up to about 100 
2 MW/cm without focusing in pulses of 25 to 35 nsec. In 
order to provide high power in both the excitation and 
Stokes fields during the pulse and to assure temporal 
coincidence of the t^.^o fields an experiment was designed 
that would allow the ruby laser output to directly provide 
the excitation field and indirectly, by generating stimu­
lated Raman scattering, to provide the Stokes field. 
The experimental arrangement used is shown schematically 
in Figure 7. The output (a^^) from a passively Q-switched 
ruby laser (R) was directed into a cell (GC) containing 
a hydrogen/helium mixture at a total of 600 psi. The cell 
was specially designed to withstand such pressures and to 
allow adjustment of the inter-window distance. The windows 
Figure 7. Experimental arrangement for photo-acoustic detection. Ruby laser (R); 
Stokes generating cell (GC); Photo-acoustic cell (PC); Microphone (M); 
Ballistic thermopile (T); Amplifier (A); Oscilloscope (0). 
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were matched plano-convex lenses designed to bring the 
laser radiation to a focus in the cell and then recolli-
mate it as it leaves the cell. With the cell filled, 
optimum recollimation was achieved by passing the radia­
tion from a He/Ne laser through the cell and changing the 
inter-window distance while watching the far field size of 
the He/Ne beam. 
The intense ruby field at the focal point, enhanced 
by the high number density of a partial pressure of about 
500 psi, leads to the generation of intense stimulated 
Raman scattering by the hydrogen (conversion efficiency 
- 25% (69)) providing a Stokes field (o ) with a photon 
energy (cm~^) of (o^ - Aa^.) where Aa^ (-4155 cm~^) is the 
Raman shift for the v=0, j = 1 - v = 1, j = 1 transition 
of hydrogen. The presence of the stimulated Stokes scatter­
ing was verified by spectral analysis of the radiation 
leaving the cell. 
The radiation leaving the high pressure cell was 
directed into a photoacoustic cell (PC) (previously de­
scribed) containing pure hydrogen at 1 atm total pressure 
and then into a ballistic thermopile (T) where the energy 
was measured. 
The two radiation fields drive an inverse Raman 
absorption process which populates the v = 1, j =1 level. 
The subsequent collisional vibration-to-translation 
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relaxation process will then create a pressure wave 
which can be detected photoacoustically. A similar 
arrangement was used to probe the absorption region 
using thermal lensing (70). 
If pure hydrogen at high pressure was used to gen­
erate the stimulated Stokes field, the frequency of the 
Stokes field would be pressure shifted (71) relative to 
the sample at a pressure of 1 atm and resonance could not 
be achieved. The addition of a calculated quantity of He 
induces a shift which compensates for the shift due to 
Hg-Hg interactions (72). 
In order to record the pressure wave the microphone 
output was fed into a variable gain amplifier (A) and then 
into an oscilloscope (0) where the trace, triggered when 
the laser fired, was photographed. Window absorption can 
constitute a significant source of noise when modulated 
excitation sources and phase sensitive detection is used 
because the noise will be synchronous with the desired 
signal. In a pulsed arrangement, however, a pressure 
wave due to window absorption will arrive at the micro­
phone after the signal wave (having traveled a longer 
distance) thus allowing temporal discrimination. 
There was, however, a catch. VJhen the laser was 
fired the discharge of the capacitor bank generated electro­
magnetic interference (EMI) of sufficient intensity to 
78 
swamp any photoacoustic signal that might have been present. 
That the source of the problem was EMI was confirmed by the 
fact that essentially the same oscilloscope trace was ob­
tained with radiation passing through the cell or blocked 
prior to reaching the cell. 
Various remedies were attempted. Cables were shielded 
and special attention was given to grounding. The only 
effective reduction was obtained by moving the cell and 
detection electronics far away from the laser. Unfortunate­
ly, in moving the above, ruby laser power dropped below 
usable levels because of beam divergence. 
The size of the ruby laser power supply precluded 
easily enclosing the capacitors and flashlamps in a so-
called Faraday cage. The more compact layout of the 
Phase-R flash lamp pumped dye laser rendered such a 
project more feasible. 
Because the output power of the Phase-R dye laser 
was about three orders of magnitude less than that of the 
ruby laser, it could not be substituted for the ruby laser 
in the above experiment. A new experimental approach was 
called for. 
The easiest way to insure spatial and temporal coin­
cidence when using a pulsed system is, as we have seen, 
to generate both fields with the same laser, To accomplish 
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this the laser was modified as shown in Figure 8. The rear 
total reflector was replaced with a Baush and Lomb grating 
(G^) ruled at 600 grooves/mm with a first order Littrow 
blaze wavelength of 1*25 um. By using the grating in second 
order (for maximum efficiency) in a Littrow configuration, 
the dye laser output could be tuned over the dye gain curve 
with a narrowed spectral width of about 15 cm ^ and little 
reduction in output power. The grooves of this grating, 
as indicated by Figure 8, are parallel to the plane of the 
diagram. 
A second identical grating (G^) was mounted about 
eight inches lateral to the axis of the laser with its 
grooves normal to the plane of the -figure. A Glan laser 
prism (P) was mounted between the dye cavity (D) and the 
first grating (G^) in such a manner that the dye fluores­
cence directed to each grating was polarized parallel to 
the grooves of the grating. This produced maximum lasing 
efficiency since at wavelengths below the blaze wavelength 
a grating will exhibit highest efficiency for radiation 
polarized parallel to the grooves. 
The final product of the above modifications was in 
essence two dye lasers which shared a common dye cavity 
and output coupler. Each produced radiation of about 15 
cm~^ spectral width and could be tuned over the gain curve 
of the dye used. Because of the orientation of the gratings 
Figure 8. Dual grating dye laser configuration. Output mirror (M); Dye cavity (D); 
Glan prism (P); Grating (G). 
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and the intracavity Glan prism, the two fields produced 
were polarized orthogonal to one another. 
The above configuration offered the advantages of 
relatively high power for each of the two fields (up to 
2 
about 50 kW/cm unfocused) and guaranteed temporal and 
spatial coincidence. At the same time, however, the 
configuration imposed restrictions on the samples that 
could be studied. Because each field used the same dye 
as an active lasing medium, the sample chosen had to have 
a Raman shift which could be spanned by the gain curve of 
the dye. In practice this limited selection to those 
substances with shifts of less than about 300 cm ^. This 
restriction, using small Raman shifts, imposed the addi­
tional handicap of reduced photo-acoustic signals since 
(equation 42) the pressure change is directly proportional 
to the Raman shift. Since the fields are polarized ortho­
gonal to one another, only strongly depolarized Raman lines 
could be used. Because of the above restrictions, the 
261 cm'^ line of chloroform was chosen for study using 
Rhodamine 6G dye. 
With the gratings tuned to the 261 cm ^ resonance, 
the laser, including capacitors, was enclosed in 20 mesh 
copper screen which was then grounded. 
A different photoacoustic cell featuring a reduced 
volume and using a Knowles Electronics BT1759 miniature 
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electret microphone was used. The microphone output was 
fed directly into a 7A22 differential amplifier on the 
Tektronix 7904 oscilloscope. In addition to providing a 
differential amplification mode, the amplifier offered a 
large DC offset and sensitivity up to 10 yV/div. 
The copper screen cage appeared to have no discern­
ible effect in suppressing the EMI. Again attention was 
given to shielding and grounding but without effect. A 
second cell was constructed which was nearly identical in 
size and material and the signal from the active cell 
measured differentially against it (the laser radiation 
did not pass through the second cell which functioned 
primarily as a reference antenna for the EMI). This 
arrangement resulted in a slight reduction in the EMI 
signal but not sufficient to allow the experiment to 
proceed. In addition the shot-to-shot variation in the 
EMI signal was on the order of several volts precluding 
the use of sensitive scales with DC offset. Once again 
significant EMI reduction could only be obtained by moving 
the cell so far away that laser irradiance dropped below 
usable levels. 
It is clear from our experience that while photo-
acoustic detection using pulsed lasers is very attractive 
from a power standpoint, EMI poses a severe problem. 
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After reading a report of a successful pulsed photo-
acoustic experiment (73) (which made no mention of EMI 
problems), I decided to contact the author and learn his 
secret. It turned out to be quite straightforward. He 
simply bored a hole in the wall for the laser beam and 
placed the cell and detection electronics in the adjacent 
lab (74). 
Even when an experiment fails, I believe in accentu­
ating the positive. In this spirit I feel compelled to 
report that while the copper screen cage did not solve the 
EMI problem, it was highly effective in keeping flies off 
the laser optics. 
Detection by Thermal Lensing 
In 1964 Gordon et al. (75) reported the observation of 
long-lived buildup and decay transients in polar and non-
polar liquids when placed in the resonator cavity of a 
He/Ne laser. Time constants for the observed transients 
were on the order of a few seconds which suggested a thermal 
phenomenon. However, the strong localization of the phenom­
enon ruled out general heating effects. These authors 
proposed an explanation based on a thermally induced re­
fractive index change in the liquids resulting from weak 
absorption of the laser radiation. They also suggested 
using the effect, kno^m as thermal lensing or thermal 
blooming, as a sensitive means of measuring low absorbancies. 
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Since that time papers have appeared dealing with the 
theory of the effect (76-82), its application to absorption 
measurements (83-87), and recently its application to two-
photon absorption spectroscopy (88-90). 
Not all of the motivation for studying thermal lensing 
has resulted from its potential as a probe for weak absorp­
tion. Many researchers who use lasers know the effect as 
an unwanted complication in their work. When using lasers 
with high average powers, thermal lensing induced when the 
beam passes through windows or fluid cells may constitute a 
significant interference even when these materials are highly 
transparent. Thermal lensing may also be a source of distor­
tion for high power beams in the atmosphere (80). The phase 
change resulting from the creation of the thermal lens can 
pose problems in phase-modulated or phase-locked systems. 
If the temperature coefficient of the refractive index 
(dn/dT) is positive, as it is in certain semiconductors 
and lead glasses, a converging lens will be thermally 
created leading to a self-focusing effect which may induce 
damage in the medium or precipitate the onset of unwanted 
non-linear phenomena. 
The general principles underlying the formation of the 
thermal lens can readily be grasped. When a beam of radia­
tion passes through a medium which possesses a finite ab­
sorption coefficient for the radiation, the absorbed energy 
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will be degraded into heat generating a localized increase 
in temperature. The increase in temperature will lead to 
a change in the local density and hence a change in the 
refractive index as can be seen from a first order expan­
sion of the Lorentz-Lorenz law in terms of Ap/p (82); 
n^ = nQ + {(ng - 1)(ng + 2)/3}(Ap/p) (43) 
where p and ng are the initial density and refractive index 
and n the refractive index resulting from a change, Ap, in 
the initial density. Equation 43 is valid for (Ap/p) << 1. 
If the beam of radiation were of uniform irradiance 
about the axis propagation, the energy absorbed and the 
resulting change in refractive index would also be uniform. 
That such a beam would fail to induce a thermal lens by 
virtue of failing to create a radial refractive index 
gradient can be readily demonstrated mathematically (82). 
The irradiance, I(r,t), of a laser beam as a function 
of the radial distance from the beam center, r(cm), and 
time, t, for the fundamental TEMgg mode can be written: 
I(r,t) = {2P(t) / T r w ^ }  exp {-2(r/w)^} (44) 
where w(cm), the "beam radius", is the radius for which 
the field amplitude has fallen to e ^ of its axial value, 
and P(t) is the total power (watts) of the beam. It is 
reasonable to expect the variation in temperature, and 
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hence refractive index, to exhibit a similar functionality. 
Thus, if the beam irradiance is Gaussian, the optical ab­
sorption will lead to a temperature increase which is 
greatest along the axis of propagation and decreases radi­
ally. If dn/dt is negative, as it is for most media, the 
index of refraction will be lower on the axis than on the 
edges. Such a transverse index gradient will create a 
lens effect which will be divergent in nature thus leading 
to a blooming of the beam. 
Most of the reported studies in which the thermal 
lensing effect was used to measure absorption coefficients 
have utilized an arrangement in which the output from a 
single cw laser, controlled by a shutter, served both as 
the pump source (to create the lens) and the probe beam 
(to monitor the blooming). A brief description of the 
theoretical approach used to describe the induced blooming 
will be instructive. The approach is that of Gordon et al. 
(76). 
For simplicity the Gaussian nature of the lens is 
approximated by a parabolic function which can be viewed 
as a truncated expansion of the Gaussian form, i.e.: 
n = n^{l + £(r/w)^} (45) 
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A collimated ray entering parallel to the axis will be 
bent in a circular path the radius of curvature of which 
is (91): 
R ^ = -r • V log n = -2sr/w^ (46) 
S 
where r is a unit vector in the outward radial direction. 
If the cell length, Z, is small compared to the focal 
length, f, of the induced lens, a geometric construction 
readily gives : 
f = r/0 - rR/2,n^ = - (l/2e)w^/iln^ (47) 
where 0 is the angle of divergence of the ray and n^ 
corrects for refraction of the rays leaving the cell. 
The first experiments of Gordon et al. (76) indicated 
a focal length of about 1 meter which together with 
w = 0*1 cm and 2, = 1 cm gives e = 5 ^ 10 ^. For a typical 
liquid refractive index of 1*5, a total change in the 
refractive index from beam center to edge of only 
7'5 X 10"^ would explain the observed effects. From: 
n(r,t) = n^ + (dn/dT)AT(r,t) (48) 
and the fact that for many organic liquids of interest 
(86) dn/dT = -5 % 10~^/°C one can deduce that a tempera­
ture change of about 0*15 °C will provide the necessary 
refractive index change. 
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When the heating effects from a Gaussian beam are 
treated in detail (76) it is found that the parabolic 
approximation holds fairly well up to r = w. Since most 
of the energy of the beam is encompassed in this radius 
(87%), the induced lens should exhibit little spherical 
aberration and the focal length derived from equation 45 
should provide a very good approximation. 
A detailed calculation of AT(r,t) in response to 
absorption from a cw Gaussian laser beam that is suddenly 
switched on and left on leads to an expression for the 
time development of the induced focal length (86). 
f(t) = f^(l + t^yZt) (49a) 
f^(cm) = TrJkw^/Pail (dn/dT) (49b) 
t^ = w^/4D (49c) 
where k(cal/cm-sec-°C) is the thermal conductivity, 
P(watts) the power of the laser beam, a(cm ^) the absorp-
9 
tion coefficient, &(cm) the cell length, D(cm~/sec) 
3 
= (k/pCp) the thermal diffusivity (p(g/cra ) is the density 
and Cp(cal/g-°C) the specific heat), and J = 4*184 joules/cal. 
Typical values of some of the above parameters for many 
organic liquids are: k = 3 >= 10 cal/cm-sec-°C (76); 
(dn/dT) = -5 X 10 ^/°C (86); D - 10~^ cm^/sec. The thermal 
90 
time constant, t^, for beam radii (w) of about a milli­
meter will typically be on the order of a few seconds. 
For tightly focused beams, t^ can assume values on the 
order of microseconds (92). 
From equations 49 one can see that the focal length 
of the induced lens changes from an initial (t = 0) value 
of infinity (no focusing) when the shutter is opened, to 
a steady state value of f^ determined by radial heat 
conduction. By measuring f^, the absorption coefficient 
can be obtained. 
It will be instructive to examine qualitatively the 
factors contained in equations 49. The time required for 
the lens to form will depend on the thermal time constant, 
t^. If the thermal diffusivity (D) is high, the rapid 
transfer of heat out of the lens region will lead to the 
rapid establishment of a steady state and its associated 
focal length, f^. 
The smaller the value of the steady state focal 
length, the greater will be the observed defocusing. 
The factors which reduce the magnitude of f^ can readily 
2 be seen in equation 49b. A high irradiance, P/TTW , will 
lead to strong defocusing by any, or all, of three possible 
mechanicsm; by providing a beam of high energy to the 
medium; by concentrating the beam energy in a very localized 
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region (small w); by providing the energy during a very 
short time interval. A low thermal conductivity (k) 
will allow a large thermal gradient to be established. 
A large absorption coefficient (a) will provide a large 
fraction of the radiant energy to be extracted as heat 
energy, and a large value of dn/dT will allow the tem­
perature change to drive a large refractive index change. 
From equation 49b it can be seen that the nature of the 
induced lens (convergent or divergent) will be determined 
by the sign of dn/dT. 
The development presented is valid for a radiation 
source which is suddenly switched on and left on for a 
period sufficiently long for the steady state focal length 
to be achieved. The same laser served as both pump and 
probe. Under such conditions there is a constant input 
of radiant energy into the system. If the radiant energy 
input is divided into very small intervals temporally, 
the response of the system during any of the intervals 
will depend not only upon the energy deposited during 
that interval but also upon the energy deposited and the 
system's response in each previous interval. The arrange­
ment used in the study to be described used a cw laser 
as the probe and a pulsed laser as the pump source, l^en 
the lens is formed by an impulsive energy input, the re­
sponse of the system during any interval after the laser 
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pulse will depend only on the energy deposited during 
that initial pulse. Thus, for a pulsed pump source, 
one can expect the evolution of the lens to be somewhat 
different. 
It can be shown (88) that the lens induced by a 
one-photon absorption driven by a pulsed laser field is 
described by: 
where E is the total energy (joules) in the pulse, t^ is 
given by equation 49c, and w is the radius of the pump 
beam in the sample. 
By comparing equations 49 and 50 the difference in the 
evolution of the lenses resulting from cw and pulsed sources 
can be seen. The lens resulting from cw excitation, as we 
have seen, possesses an infinite focal length at t = 0 
which changes progressively to lower values until reaching 
a minimum in the steady state (t >> t^). Pulsed excitation, 
on the other hand, by in essence instantaneously (before 
the onset of heat loss from the absorption region) providing 
significant localized thermal energy to the medium, creates 
a lens the focal length which is a minimum at t = 0 and 
grows in value with time until (t >> t^) it achieves an 
f(t) = f^{l + 2t/t^}^ (50a) 
f^(cm) = kJirw^/SilDaE (dn/dT) (50b) 
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infinite value when the density gradient is destroyed. 
Thus, a lens created by a pulsed source achieves maximum 
defocusing ability at t = 0 while one created by a cw 
source does so at t = •» (t >> t^) . 
Experimentally the focal length is not measured. 
Hu and Whinnery (85) recognized that the more convenient 
extra-cavity cell arrangement provided good sensitivity 
by placing a converging lens between the laser and cell, 
locating the cell at the position of minimum radius of 
curvature of the beam wave front and, by using an aperture, 
monitoring the intensity at beam center. It can be showTi 
(88) that maximum sensitivity is achieved when the cell 
2 is placed one confocal distant (=TTWQ/A, WQ is the focused 
radius) before or after the probe beam focal point. If 
the cell is placed one confocal length before the focal 
point, the beam will be converging at that point and the 
thermal lens will tend to recollinate the beam. The effect 
at beam center in far field will be an increase in inten­
sity as a result of the thermal blooming. If the cell is 
located a confocal length after the probe beam focal point, 
the beam will be diverging which will be enhanced by the 
thermal lens. The effect at beam center in far field will 
be a loss of intensity. For the latter arrangement, it 
can be sho;<m (88) ; 
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(Iq - = -(5'2)(dn/dT)&Dao E/kJw^ (51) 
where IQ is the intensity of the unbloomed probe beam, 
is the minimum intensity observed in the probe beam, 
and ap(cm is the energy of a photon in the pump beam. 
The conditions that must be met for equation 51 to 
be valid are: The area sampled at beam center must be 
much smaller than the beam area; both pump and probe laser 
must be in the lowest fundamental mode (TEMQQ); the absorp­
tion from the pump beam is sufficiently low that the 
fractional attenuation per unit length is constant in the 
sample; the distance from cell to detector must be less 
than the focal length but greater than the confocal length 
of the probe laser; the radius of the pump beam is constant 
over the length of the cell; AT must be sufficiently small 
that n(r,t) can be accurately represented by a first order 
expansion in AT. 
The first experiment to examine the feasibility of 
using the thermal lens effect to observe inverse Raman 
absorption could best be described as a highly qualitative 
study. Once again, as in an early photo-acoustic study, 
a single Ar"^ laser was available. The organic liquids 
which had been singled out for that photo-acoustic study 
(possessing Raman shifts equal to the difference between 
two of the Ar"^ laser lines) were resurrected and given 
one more chance to perform. 
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The broadband output from the Ar"^ laser was directed 
into a prism which served to disperse the individual lines. 
The lines, now spatially separated into individual beams 
were directed to a second prism oriented in such a manner 
that the diverging beams left the prism propagating paral­
lel to one another. The separated parallel beams were then 
directed through two more prisms which recombined them 
once again. With the room darkened, the individual beams 
could readily be seen and identified. The spatially re-
combined beams were then focused into a cell containing 
the liquid of interest and then to a mirror which projected 
the combined beam on the wall about 8 meters away. Spatial 
mismatch of the beams could be detected by examining the 
far field image. 
While the individual beams were spatially separated 
and parallel, all lines but the two spanning the Raman 
shift were blocked. The far field beam size was then 
determined. In order to see if there was any discernible 
resonance enhancement, one of the resonant lines was blocked 
and another non-resonant line unblocked and the power ad­
justed to keep the total input power approximately constant, 
or a single line used and the power again adjusted. 
All of the liquids examined exhibited thermal lensing 
to some degree, but no resonant enhancement was observed. 
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It is quite clear in retrospect that the power levels 
used were simply inadequate to generate an inverse Raman 
absorption of sufficient magnitude to compete with the 
one-photon background absorption. 
In order to provide the power levels required to 
generate a significant inverse Raman absorption (relative 
to the one-photon background absorption), it was necessary 
to use a high power pulsed source. For this reason, the 
dual grating dye laser described in the previous section 
and shown in Figure 8 was chosen. 
The experimental arrangement used is shown schemati­
cally in Figure 9. The output from the dye laser (D) was 
focused with a 10 cm focal length lens (Lg) into a 10 cm 
sample cell (C). A microscope slide (B) functioning as a 
beam splitter directed a portion of the dye output to a 
ballistic thermopile (T). The output from the He/Ne probe 
laser was counter propagated into the sample cell after 
passing through a converging lens L^)• The He/Ne beam 
was focused about 20 cm before entering the cell and was 
thus diverging in the thermal lens region. After passing 
through the cell, a portion of the probe beam was split 
off and directed to a mirror (M) and then through a PTR 
model F103-C tunable grating filter (F) to an Amperex 
56DVP photo-tube (P). The output from the photo-tube is 
Figure 9. Experimental arrangement for thermal lensing study. He/Ne laser (HN); 
Lens (L); Sample cell (C); Beam splitter (B); Ballistic thermopile (T); 
Pulsed dye laser (D); Mirror (M); Filter (F); Photo-tube (P); Oscillo­
scope (0) . 
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then recorded on a Tektronix 7904 oscilloscope with a 
7A22 vertical amplifier. The beam diameter at the filter 
was about 4 cm. The circular entrance aperture of the 
filter sampled an area at the beam center 2 mm in diameter. 
The dual grating dye laser configuration possesses 
both advantages and disadvantages with respect to a thermal 
lensing study. The advantages are guaranteed spatial and 
temporal coincidence and tunability. The disadvantages 
are restriction to substances with strongly depolarized 
Raman lines and small Raman shifts, and only moderate 
high output power. In any caloric detection technique 
(photo-acoustic, thermal lensing) one desires to work with 
samples possessing large Raman shifts. The limitation of 
working with small shifts (that can be spanned by the dye 
gain curve of the dye) was therefore significant. In 
addition, small Raman shifts reduce the population factor 
6 (equation 10) in equation 16. 
In order for the experiment to be feasible it would 
be necessary to generate an inverse Raman absorption which 
would enhance the one-photon lensing to a detectable degree. 
To estimate the enhancement we first examine equation 51. 
The ratio of the energy deposited by the inverse Raman 
absorption, U^, and that deposited by the background one 
photon absorption, U^, is: 
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V^l " &Eg/aEi (52) 
The inverse Raman absorption attenuates the excitation 
energy, E^. However, the energy degraded into heat is 
not gE^, but rather gE^Ao^/a^. The one-photon absorption 
coefficient will attenuate both fields thus providing 
a(E^ + Eg) (since - a^, it is assumed that a is the 
same for both) where E^ is the energy of the Stokes pulse. 
The gratings were tuned to give EL = E . Therefore; 
U^/U^ = gAa^/2aa^ (53) 
To estimate g, the following values were used: 
= 15,625 cm ^ = 1 MW/cm^; N(da/dO) = 6*5 x 10 ^ cm^sr ^; 
Aa - 15 cm ^; n^ - 1*5; Aa^ = 262 cm ^ (chloroform). The 
value of a at 633 nm, 1-7 % 10 ^ (86), was used. Equation 
53 yields an enhancement of 4%. 
Two substances were singled out for the study, chloro­
form and bromoform. Chloroform had the advantages of a 
larger Raman shift (262 cm ^ vs. 153*8 cm ^) and a stronger 
Raman transition (93), but required working further out 
on the wings of the dye gain curve where power was reduced. 
The active lasing medium was a 6 x 10 ^ M solution of 
Rhodamine 640 (Exciton) dissolved in absolute ethanol. For 
maximum lasing efficiency, the dye temperature was main­
tained between 18 °C and 19 °C. 
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A preliminary study, using the ballistic thermopile, 
was undertaken to determine the output power/wavelength 
relationships for the dye. In order to prevent the gain 
at the wavelength of one of the gratings from parasitically 
reducing the gain of the other, it was necessary to choose 
the output wavelengths of the gratings so that, in addi­
tion to spanning the Raman shift, they fell at equal power 
points on the dye gain curve. 
Figure lOA shows an oscilloscope trace of the reduc­
tion in intensity resulting from the thermal lensing 
effect in chloroform. The intensity increases from top 
to bottom while the time increases from left to right 
(0*2 msec/div). represents the intensity of the un-
bloomed probe beam while I is the minimum intensity of 
the bloomed beam (at beam center). Reference to equations 
50 will show that corresponds to the intensity at t = 0 
while corresponds to the intensity at t = ™ (t >> t^). 
If the response time of the oscilloscope had been suffi­
ciently fast, the rise to I^ on the trace would have been 
essentially vertical. The sigmoid shape of the rise is 
a result of an RC time constant of about 0*2 msec resulting 
from cable and amplifier capacitance and resistance. If 
the trace time was sufficiently long, the intensity would 
drop (on the trace) from a low of I^ back to the unbloomed 
intensity. Since the experiment was designed to determine 
Figure 10. Oscilloscope traces showing; (A) Reduction 
in He/Ne laser intensity resulting from 
thermal lensing; (B) Increase in Ar"'" laser 
intensity resulting from polarization rota­
tion . 
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the absorption enhancement due to inverse Raman absorption 
and not the temporal behavior of the lens, only (I^ - I^) 
and were determined (see equation 51). The value of 
(volts) was determined by monitoring the DC response of 
the photo-tube to the unbloomed beam. To measure a small 
(I^ - Ij^) , a DC offset was introduced to the trace. For 
the trace shown, = 60V and (I^ - I^) - 2»25V (0*5V/div). 
Using equation 51 with = 1 mm; E = 60 mJ, = 15625 
cm'l, dn/dT = 5-8 % 10"^ °C'^ , D = 7 8 x 10~^, k = 2-7 
X 10 and 2, = 10 cm, one calculates a = 1*9 % 10 ^ 
which is to be compared to the literature value (86) for 
the one photon absorption coefficient in this region of 
1-7 X 10-5 
No enhancement could be observed as the grating for 
the excitation field was tuned through resonance for either 
chloroform or bromoform. The system and detection scheme, 
it appears, was incapable of detecting an enhancement of 
only 47o. 
The experimental arrangement used in this study 
possessed several severe shortcomings. The gratings 
provided output with a spectral width of about 15 cm ^, 
a rather broad width. If the dye laser spectral width 
could be reduced, without significant power reduction, 
so that the width of Raman line became the limiting width. 
105 
the enhancement could be increased typically by a factor 
of 6 or 7. 
The multimode nature of the dye laser output could 
render quantitation difficult since the pertinent equations 
are valid for the TEMQQ mode. An aperture could be used 
to select this mode but at the price of power. For this 
reason, a high power pulsed laser, e.g., a ruby laser, 
which could provide high power in the fundamental mode 
would be advantageous. However, a more complex experimen­
tal arrangement would probably be necessary compared to 
this arrangement where a single laser provides both the 
fields necessary for the inverse Raman absorption. It 
should also be kept in mind that, even in seemingly trans­
parent liquids, a non-zero background one-photon absorp­
tion coefficient (that appears to be the result of 
vibrational transitions involving higher harmonics (94)) 
will exist at the excitation and Stokes frequencies. As 
higher and higher powers are provided to the system to 
generate a significant inverse Raman absorption coefficient, 
the total absorbed power may lead to violations underlying 
the equations used to quantitate the thermal lens effect 
(e.g., generate a AT(r,t) so large that equation 48 no 
longer accurately describes n(r,t)). 
An accurate means of measuring the Stokes power must 
be available which means accurately measuring both the 
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Stokes energy and the pulse width. The pulse width was 
not monitored on a shot-to-shot basis. Previous studies 
showed it to be 1 ysec to a high degree of reliability. 
The energy provided by the thermopile generated a signal 
of about 1 yV. Fluctuations at that level of sensitivity 
could provide significant error. To insure that only the 
Stokes energy reaches the detector, the beam splitter 
should be oriented at Brewster's angle relative to the 
excitation field. 
The restriction to strongly depolarized lines and, 
especially, to small Raman shifts posed a severe restric­
tion especially in light of the fact that the technique 
is caloric in nature. 
Detection by Polarization Rotation 
When an inverse Raman event takes place in a medium, 
the most obvious consequence is an attenuation of the 
excitation field. By measuring the attenuation, the 
inverse Raman absorption coefficient can be calculated. 
However, if the attenuation is small, it is necessary to 
measure a small difference between two large signals. The 
magnitude of fluctuations of the two fields, although 
small compared to the magnitude of the fields, may never­
theless be large compared to the difference between them 
and therefore a large uncertainty can exist in the absorp­
tion measurement. 
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A less obvious consequence of an inverse Raman event 
is the possibility of altering the polarization of the 
excitation field. To see how this is possible we allow 
a polarization mismatch to exist between the excitation 
and Stokes fields (both of which we take to be linearly 
polarized). We let the Stokes polarization direction 
define the coordinate system and decompose the excitation 
field into its components parallel and orthogonal to the 
Stokes polarization direction. For simplicity, the Raman 
transition is taken to be polarized. Inverse Raman absorp­
tion will take place only from the component of the excita­
tion field parallel to the Stokes field. The result will 
be not only a net absorption from the resultant excitation 
field but also a rotation of the polarization vector. The 
extent of the rotation will depend upon the magnitude of 
the absorption, the polarization mismatch, and the depolar­
ization ratio of the transition (see Appendix C). 
The fields need not be restricted to linear polariza­
tion. If the excitation field (the probe field) is linearly 
polarized and the Stokes field (the pump field) is circularly 
polarized, a decomposition of the probe field into its cir­
cular components and an argument similar to the above will 
reveal that the inverse Raman absorption will lead to an 
elliptically polarized probe beam during the interaction 
time. 
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Many reports of experiments using polarization rota­
tion detection have appeared in the literature (94-100). 
The technique reported here is essentially that of Heiman 
et al. (101), which they call the Raman induced Kerr effect 
(RIKE). 
The experimental arrangement used to generate and 
detect the polarization rotation is shown in Figure 11. 
An Ar"^ laser (A) operated in a cw single line mode pro­
vided the probe (excitation) field. The probe field was 
directed through a half-wave plate which rotated the linear 
polarization vector (initially perpendicular to the plane 
of the figure) through an angle of 45°. After reflecting 
off mirrors M^and M2, the beam passed through a polar­
izer (P]_) which was oriented to pass the maximum probe 
intensity. This polarizer served to enhance the polariza­
tion purity of the probe beam. After passing through the 
sample cell (C), the probe beam was directed through a 
second polarizer (F^), into a PTR model F103-C tunable 
grating filter (F) for scattered light rejection and then 
into an Amperex 56DVP photo-tube (PT). The photo-tube 
output was displayed on a Tektronix 7904 oscilloscope with 
a 7A22 vertical amplifier. The pump (Stokes) field was 
provided by a Phase-R model D-2100 flash lamp pumped dye 
laser (D) operated in a single grating configuration. 
The output from the dye laser, linearly polarized 
Figure 11. Experimental arrangement for polarization rotation study. Dye laser (D); 
Mirror (M); Beam reducer (BR); Sample cell (C); Polarizer (P); Half wave 
plate (H); Ar+ laser (A); Filter (F); Photo-tube (PT); Oscilloscope (0). 
% [  
ro 
OIT 
Ill 
perpendicular to the plane of the figure, was directed via 
mirror into a beam reducer (BR), then into the sample 
cell via mirror M^. Mirror was placed as close to the 
probe beam as possible without interrupting it. This con­
figuration was designed to allow the pump and probe beams 
to cross at as shallow an angle as possible in the sample 
cell. The crossing angle was estimated to be no more than 
2°. Although not shown in Figure 11, a ballistic thermo­
pile was used to measure the energy of the pump beam exciting 
the cell. The insure spatial overlap of the two beams an 
aluminum disk with a 3 mm aperture was placed in the middle 
of the sample cell and both beams made to pass through it. 
After alignment of the filter and phototube, polarizer 
P2 was adjusted until the minimum probe beam intensity was 
passed. Ideally no radiation should have passed through the 
second polarizer when crossed with respect to the first. 
However, any optical element placed in the path of the probe 
beam between the first and second polarizer introduced some 
depolarization which allowed radiation to reach the photo­
tube and produced a non-zero background. This is one reason 
why the probe and pump beams were crossed in the interaction 
region and not propagated co-linearly which would have 
required the introduction of an additional optical element 
in the probe beam path. The major source of background 
radiation was a result of the depolarization induced by 
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the cell windows. To minimize this depolarization, the 
thinnest available microscope slide cover slips (number 1) 
were used. They were carefully examined for optical de­
fects and then carefully mounted using a silicon cement 
which provided a flexible seal to reduce strain. It was 
very important that the cell windows be as parallel as 
possible not only to reduce depolarization effects but 
alos to reduce alignment problems resulting from refraction 
as the probe beam left the sample cell. 
The laser dye with the highest output power available 
in our laboratory at the time of this study was Rhodamine 
ÔG. A 6 X 10 ^ M solution of this dye in methanol pro­
vided usable output from about 573 to 600 nm. A search 
was therefore conducted for substances with Raman transi­
tions in the vicinity of 3000 cm ^. Several substances 
were rejected because self-thermal blooming of the probe 
beam led to too high a background level. Finally, three 
substances were chosen for study, acetonitrile (CH^CN), 
benzene, and water. 
It can be sho';vTi (see Appendix C) that for a polariza­
tion mismatch of 45°, the intensity passing through the 
second polarizer, I^, as a result of the inverse Raman 
absorption is: 
= I^(0){G&/4}2 (54) 
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where 1^(0) is the probe beam intensity entering the sample 
cell. In order to interpret the observed signals, a normal­
ized signal was obtained by dividing the peak signal (raV) 
2 by 1^(0) and {P^} . Such a procedure is valid if the photo­
tube gain is the same for all spectra, and if the variation 
O 
in jg is negligible across the scan. 
Figure lOB shows a typical oscilloscope trace of the 
result of the polarization rotation. The horizontal axis 
represents time (0*5 ysec/div) and increases left to right. 
The vertical axis represents intensity passing through the 
second polarizer and increases top to bottom. Initially 
the trace is flat representing the background intensity 
passing through the polarizer. Coincident with the arrival 
of the pump pulse the intensity increases and reproduces, 
temporally, the profile of pump pulse. If the dye laser 
is blocked, no such dip is observed. If the Ar"*" beam is 
blocked, a flat trace also results indicating an absence 
of reflected light from the pump beam. 
Benzene exhibits a strong transition at about 3065 
cm~^. Using the 496*6 nm line from the Ar"*" laser as the 
probe source, the dye laser was scanned through the reso­
nance region. A very large signal (10 to 15 times greater 
than that seen with any other substance) was observed at 
the resonance shift. Although the signal rapidly dropped 
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off about the resonance position, small signals could be 
detected off resonance. 
Acetonitrile exhibits a very strong Raman transition 
with a shift of 2942 cm~^ and an adjacent strong transition 
at 2999 cm"^ (67, 93). Using the 496'6 nm Ar^ line, the 
probe beam was oriented 45° relative to the pump beam and 
the resonance region scanned by adjusting the dye laser 
grating. The region scanned covered about 100 cm ^ and 
included both Raman transitions. 
Acetonitrile provided a signal across the spectral 
region scanned. The maximum signal spanned a region of 
about 40 cm ^ which, considering the spectral width of the 
pump field (- 15 cm~^), is not inconsistent with published 
spectra (67) . 
When the Ar"*" laser was tuned off resonance to the 
514*5 nm line, a reduced signal (= 20% of the resonant 
signal) was observed. However, tuning off resonance by 
using the 488 nm Ar"^ line provided signals on the order 
of the resonance signals. 
Ifhen the resonant 496*6 nm line was used polarized 
parallel to the pump field, spectral signals approximately 
20-80% of the resonant signals were observed. 
Conventional Raman spectra show that water possesses 
a broad Raman line with a relatively flat peak the shift 
of which runs from about 3250 cm ^ to 3400 cm ^. Using 
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the 488 nm Ar"*" line as the probe beam, the resonance region 
was scanned. A broad spectral profile consistent with the 
Raman profile was obtained. I-Jhen the off resonance 514*5 
+ 
nm Ar line was substituted, however, signals on the order 
of the resonance signals were observed but were of sufficient 
uniformity that the region appeared featureless. Significant 
signals were obtained on resonance using the 496*5 nm Ar"*" 
line which dropped in magnitude as one tuned away from 
resonance producing a profile similar to that obtained 
using the resonant 488 nm line. 
Clearly the processes taking place in the sample of 
interest which lead to depolarization are complex. It is 
well known (102) that the presence of an intense electric 
field (e.g., the focused pump beam) will induce a non­
linear polarization which will generate an anisotropy in 
the refractive index the medium presents to a second field 
(e.g., the probe field) in the medium. This effect, the 
optical Kerr effect, will, in the experiments described, 
lead to an off-resonance depolarization. The optical 
Kerr effect can be eliminated by using a circularly polar­
ized pump field. In addition, as one tunes away from 
resonance, the induced refractive index will change rapidly 
in the near resonance regime (using a linearly polarized 
pump beam), reach its maximum (or minimum), then approach 
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its far off-resonance value. Thus, the depolarization 
resulting from this non-linear dispersion may distort 
lineshapes and produce significant off (but near) resonance 
values as were observed in this study. 
In addition, the thermal lens effect introduces 
uncertainty into the observed signals. The lens effect 
may depolarize directly or may lead to increased intensity 
passed by the polarizer because the diverging rays are not 
rejected efficiently. Whatever the effect, it promises 
to be difficult to quantitate. 
Of the substances studied, water would have provided 
a relatively interference free system. A previous study 
of the optical Kerr effect using a ruby laser failed to 
detect such an effect in water (103) (it is possible, 
however, that the proximity to a Raman transition in this 
study significantly enhanced the effect). From the stand­
point of density and specific heat, water is a relatively 
poor thermal lens medium (although the one-photon absorp­
tion coefficient in this region may be large and a signifi­
cant lensing effect may be possible). The absence, in this 
study, of a signal from water when the probe and pump beams 
were polarized parallel to one another tends to confirm 
the belief that the thermal lens effect probably played a 
subordinate role in contributing to the observed off reso­
nance signals. 
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On the other hand, the two organic species studied, 
on the basis of density and heat capacity, are more effi­
cient media for the creation of a thermal lens (if one-
photon absorption coefficients are comparable). The optical 
Kerr effect has been demonstrated in benzene (103) while 
acetonitrile was not included among other organics in 
which the effect has been studied (104). 
No attempt was made to extract quantitative informa­
tion from the observed signals because of the obvious 
complexity introduced by the use of a linearly polarized 
pump beam. The use of a circularly polarized probe will 
allow thermal lens effects to be separated from optical 
Kerr effects. 
Conclusions 
The studies reported in this chapter were undertaken 
to examine the feasibility of applying the described detec­
tion techniques to the inverse Raman effect. In summary, 
the following conclusions are offered. 
Of the three techniques studied, photo-acoustic detec­
tion appears to hold the most promise as a probe for inverse 
Raman absorption. Obviously this conclusion is not based 
heavily on photo-acoustic experiments reported herein, but 
rather on the successes reported in the literature (31, 32, 
66). Photo-acoustic detection can offer high sensitivity 
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by providing a signal against a very low background. Phase 
sensitive detection can further enhance the sensitivity. 
By using modulation schemes which do not interrupt the 
power input to the cell (e.g., by modulating the polariza­
tion or wavelength of the field, or through the Stark or 
Zeeman effects modulating the resonance frequency) resonant 
background interference from window absorption or scattering 
can be eliminated. Reports of the successful use of pulsed 
lasers (66, 73, 105) indicates that the EMI problem can be 
controlled. Since the photo-acoustic effect is a caloric 
effect, the study of small Raman shifts will pose problems. 
However, for the most part, it appears that photo-acoustic 
detection presents problems which are technical not funda­
mental . 
Polarization rotation detection, like photo-acoustic 
detection, offers, in principal, signals against a very 
low (ideally zero) background. Unlike photo-acoustic 
detection, however, the study of small Raman shifts pre­
sents no fundamental problem except the need for good 
spectral filtering of scattered light. The primary problem 
confronting the use of polarization rotation is the ubi­
quitous presence of thermal lensing which can generate a 
background interference that is difficult to quantitate, 
and can introduce uncertainty in the size of the beams in 
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the interaction region. In addition, it appears that 
the use of a circularly polarized pump beam is necessary 
for the generation of unambiguous spectra. 
The use of the thermal lens effect to probe inverse 
Raman absorption poses several fundamental problems. The 
lensing effect due to the inverse Raman absorption must 
be detected as an enhancement relative to the background 
one-photon lensing. Increasing the Stokes power to gener­
ate an inverse Raman absorption coefficient of sufficient 
size to compete with the one-photon absorption coefficient 
will also increase the one-photon background effect. How­
ever, power must not be increased to levels where assump­
tions underlying the equations describing the formation of 
the lens are no longer valid. Quantitative studies will 
require the determination of the one-photon absorption 
coefficients at both Stokes and excitation frequencies. In 
addition, the defocusing effect may render it difficult to 
accurately determine power densities in the interaction 
region thus injecting additional uncertainty into the 
quantitative treatment of data. Because three fields are 
necessary (two to generate the lens, one to probe the lens), 
the experimental configurations may prove less straight­
forward than other techniques. 
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APPENDIX A 
In chapter one it was shown that the inverse Raman 
absorption coefficient was essentially constant over the 
interaction length when P (0) >> P,(0). Here we will 
examine the error incurred in assuming a constant absorp­
tion coefficient for purposes of data treatment when 
l^nien Pg(0) - P^^O) we must consider the absorption 
coefficient's dependence upon path length. Thus we may 
write : 
where K 5 g(z)/Pg(z). In order to render the mathematics 
tractable, it will be assumed that we are in the regime 
where the exponentials in equations 2 and 17 can be replaced 
by the first two terms in their expansions (which is usually 
the case). Thus: 
Since G(z') depends directly on P^(z'), we may write: 
Pg(0) = P^CO). 
(A-1) 
o o 
(A-3) 
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where C = G(z')/P^(z'). To evaluate the above expression 
we assume that g(z") can satisfactorily be approximated 
by the mean absorption per unit path length, i.e.: 
g (z") 2 = j g(z)dz = a (A-4) 
where a is obtained experimentally. Using the above two 
expressions, equation A-2 can readily be evaluated. 
Pg(z) = Pg(0){l + G(0)z - aG(0)z2} (A-5) 
where a = a/11. The first two terms in brackets represent, 
in the absence of any other effects, a constant linear gain. 
The term quadratic in z reflects the fact that the gain 
decreases as P^^z) attenuates. Substituting equation A-5 
into A-1 and using equation 20 from chapter one we obtain; 
ç1 J g(z)dz = g(0)%{l + bg(0)%} = a (A-6) 
o 
where : 
b = (l/6){P^^0)/Pg(0)}(Cg/cL)(3 - a) (A-7) 
We note that when Pg(0) >> P^(0) the term in brackets in 
equation A-6 is essentially unity and the absorption coeffi­
cient can be considered constant in agreement with the 
discussion in chapter one. One will observe that b vanishes 
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when a = 3. However, the assumptions underlying equation 
A-6 will breakdown long before a reaches a value of three 
and the above treatment will no longer be valid. 
Evaluating equation A-5 for the specific case where 
a = 0*10 and (0)/P^'(0) } - (Og/o^) = 1, we calculate 
a = l'05g(0)&. If the Stokes power is measured after the 
sample cell, we will calculate g(&) not g(0). Assuming 
& = 10 cm, and using the fact g(2)/g(0) = P^ (2-)/P^ (0) , 
equation A-5, along with equation 20, gives g(2) = l*lg(0). 
In summary the above example gives: 
J g(z)dz = l'05g(0)& = 0'95g(&)2 (A-8) 
o 
The relationships expressed in A-8 are a special case of 
the general relationship : 
g(0)& £ j g(z)dz _< g(&)% (A-9) 
o 
Expression A-8 indicates that, under the assumed 
conditions, an error of about 5% will be incurred by 
assuming a constant absorption coefficient. System 
characteristics (e.g., number density, Raman cross sec­
tion) calculated assuming an absorption coefficient of 
g(0) will be about 5% too high while those calculated 
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assuming an absorption coefficient of g(&) will be about 
5% too low. 
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APPENDIX B 
In this section a brief derivation of the equation 
for the pressure change in a gas resulting from inverse 
Raman absorption will be presented, A similar equation 
has been used by West et al. (66). 
In the regime where the p-V-T behavior of a gas can 
be satisfactorily represented by the ideal gas relation­
ship we find that: 
Ap = (y - 1)U/V (B-1) 
where y is the heat capacity ratio (0^/0^) of the gas, 
V is the cell volume, and U is the thermal energy deposited 
in the gas (adiabatic conditions are assumed). If more 
than one gas is present, y can be calculated using a partial 
pressure weighted average and C^. 
For example, if we consider an ideal monatomic gas 
where y = 5/3 and U = AE^, i.e., there are no internal 
degrees of freedom thus all of the thermal energy is 
channeled into translational energy E^; we find using 
equation B-1: 
Ap = 2AE^/3V (B-2) 
a familiar result for ideal monatomic gases. For real 
molecular gases the (y - 1) term will correct for the 
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loss of energy to internal modes where it will not contrib­
ute to a pressure change. 
To use equation B-1 it is necessary to determine U for 
inverse Raman absorption. The total energy, U^, removed 
from the excitation beam as a result of inverse Raman absorp­
tion is : 
U^(J) = ATP^(0)(1 - e"8&) (B-3) 
2 
where A(cm ) is the cross sectional area of the interaction 
region, 2, (cm) is the length of the interaction region, 
T(sec) is the interaction time, P^^O) is expressed in 
2 -• 1 
watts/cm , and g(cm ) is given by equation 16. In the 
regime of low absorption equation B-3 can be approximated 
by : 
U^(J) = ATP^(0)g& (B-4) 
The energy which appears as thermal energy in the gas 
is not U^, however, but rather the energy that results from 
the relaxation of the vibrational level populated by the 
inverse Raman process. Assuming all of the energy in the 
Raman excited vibrational level degrades to thermal energy 
we find: 
U(J) = (B-5) 
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where Ao^^cm is the Raman shift of the vibrational 
level and a^(cm is the energy of an excitation photon. 
Thus ; 
Ap(J/cm^) = (Y - L)ATP^(0)G&AA^/VA^ 
= K(Y - 1)ATÔ?.P^(0)Aaj^N(da/DN)/Vn^a^Aa 
(B-6) 
where K = 5*6 x 10^^. VJhen a modulated cw source is used 
T is the reciprocal of the modulation frequency. 
Rigorously, equation B-6 is valid only for collimated 
beams of uniform irradiance in spatial coincidence at all 
points in the interaction region. The use of focused 
Gaussian beams with different waist diameters will lead 
to a mismatch in beam overlap which can be corrected for 
by performing radial and axial integration over the two 
beams in the interaction region. Unless the mismatch is 
severe, equation B-6 can be used to provide a good indica­
tion of the magnitude of the pressure change that can be 
expected. 
For convenience, the following relationships are 
noted : 
Ap(ybar) = Ap(J/cm^) x 10^ 
Ap(Pa) = Ap(J/cm^) x 10^ 
Ap(atm) = Ap(J/cm^) x 9*87 
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APPENDIX C 
In chapter three the detection of inverse Raman 
absorption using polarization rotation was discussed. 
In this section an equation will be obtained for the 
intensity of the field passing through the second polar­
izer. Only the case where both fields are linearly 
polarized will be considered. 
Figure 12 shows the relationship between the two 
sets of coordinate axes used. The unit vectors p^ and 
P2 are parallel to the polarization directions of the 
fields passed by the first and second polarizers, respec­
tively. These polarizers are crossed, i.e.: 
The electric vector of the excitation field in the 
sample, E^, (having passed through the first polarizer) 
is : 
The electric vector of the Stokes field in the sample, 
Pi ' Pg = 0 (C-1)  
= %lPl (C-2)  
Eg' 
(C-3)  
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where the frequency functionality of the fields has been 
suppressed. The intensity of a field will be given by: 
I = E • E (C-4) 
To treat the rotation, we reexpress E^ in the coor­
dinate system of the Stokes field, i.e.: 
= EL{(Pi ' + (pi . SgjSg) 
= + £^(2)^2 (C-5) 
We thus consider the excitation field to be composed 
of two fields of identical frequency, propagation direction 
and phase, polarized orthogonally with intensities {E^(l)} 
and {E^(2)}-. 
After passing through the sample each component field 
will be attenuated by the absorption induced by the Stokes 
field. Thus: 
exp {-g^&} 
= I^^(O) exp {-ggA} (C-6) 
where, using equation 31: 
g^ = g/(l + P) 
g2 = gp/(l + p) (C-7) 
where g is given by equation 16 and p is the depolarization 
ratio of the Raman transition. 
140 
Using equations C-4, C-5, and C-6 one deduces that the 
electric vector of the excitation field after passing through 
I 
the sample, E^, can be written: 
= E^{e'*^(p^ • s^)s^ + e~^(p^ • Sgjsg) (C-8) 
where : 
a = g^i/2 
6  =  g 2 A / 2  ( C - 9 )  
The intensity of the excitation field leaving the 
sample cell, , can be obtained from equation C-8. 
I^(£) = \ \ = I^CGXe'^^cos^G + e"^^sin^0} 
( C - 1 0 )  
The intensity of the field passed by the second polar­
izer, is readily given by: 
•tr 
= (E^ • Pp)^ = Ij^(O) (e - e ^sin^0cos^0 
(C-11) 
which for low absorption becomes : 
l' = I^^0)(g% / 4 ) 2 ( ( 1  - p) / ( l  +  p ) } 2 s i n 2 2 0  ( C - 1 2 )  
Application of simple differential calculus to equation 
C-11 shows that maximum sensitivity occurs when 0 = 45°. 
